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Preface

The U.S. Environmental Protection Agency (EPA) released noncancer and
cancer assessments of formaldehyde for its Integrated Risk Information System
ARIS) in 1990 and 1991, respectively. The agency began reassessing formalde-
hyde in 1998 and released a draft IRIS assessment in June 2010. Much research
has been conducted since the original assessments, and scientists are currently
debating the carcinogenic properties of formaldehyde and the ways that it might
cause cancer. Given the complexity of the issues and the knowledge that the
assessment will be used as the basis of regulatory decisions, EPA asked the Na-
tional Research Council (NRC) to conduct an independent scientific review of
the draft IRIS assessment.

In this report, the Committee to Review EPA’s Draft IRIS Assessment of
Formaldehyde first addresses some general issues associated with the draft IRIS
assessment. The committee next focuses on questions concerning specific as-
pects of the draft assessment, including derivation of the reference concentra-
tions and the cancer unit risk estimates for formaldehyde. The committee closes
with recommendations for improving the IRIS assessment of formaldehyde and
provides some general comments on the IRIS development process.

The present report has been reviewed in draft form by persons chosen for
their diverse perspectives and technical expertise in accordance with procedures
approved by the NRC Report Review Committee. The purpose of the independ-
ent review is to provide candid and critical comments that will assist the institu-
tion in making its published report as sound as possible and to ensure that the
report meets institutional standards of objectivity, evidence, and responsiveness
to the study charge. The review comments and draft manuscript remain confi-
dential to protect the integrity of the deliberative process. We thank the follow-
ing for their review of this report: Margit L. Bleecker, Center for Occupational
and Environmental Neurology; Claude Emond, Université de Montréal, George
L. Delclos, The University of Texas Health Science Center at Houston School of
Public Health; Lynn R. Goldman, George Washington University; Ulrike Lud-
erer, University of California, Irvine; Roger O. McClellan, Toxicology and Hu-
man Health Risk Analysis; Martha S. Sandy, California Environmental Protec-

ix
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x Preface

tion Agency; Jeffrey D. Schroeter, The Hammner Institutes for Health Sciences;
Susan J. Simmons, University of North Carolina, Wilmington; Joyce S. Tsuji,
Exponent; Elizabeth W. Triche, Brown University; Clifford P. Weisel, Univer-
sity of Medicine and Dentistry of New Jersey; Joseph L. Wiemels, University of
California, San Francisco.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of the report before its release.
The review of the report was overseen by the review coordinator, Kenneth S.
Ramos, University of Louisville Health Science Center, and the review monitor,
Frank E. Speizer, Harvard Medical School and Harvard School of Public Health.
Appointed by NRC, they were responsible for making certain that an independ-
ent examination of the report was carried out in accordance with institutional
procedures and that all review comments were carefully considered. Responsi-
bility for the final content of the report rests entirely with the committee and the
institution.

The committee gratefully acknowledges Danielle DeVoney, Sue Makris,
Peter Preuss, and Kathleen Raffacle, of the U.S. Environmental Protection
Agency, and Bruce Fowler, of the Agency for Toxic Substances and Disease
Registry, for making presentations to the committee.

The committee is also grateful for the assistance of NRC staff in preparing
this report. Staff members who contributed to the effort are Ellen Mantus, pro-
ject director; Heidi Murray-Smith, program officer; Keri Schaffer, research as-
sociate; James Reisa, director of the Board on Environmental Studies and Toxi-
cology; Norman Grossblatt, senior editor; Mirsada Karalic-Loncarevic,
manager, Technical Information Center; Radiah Rose, manager, editorial pro-
jects; and Panola Golson, program associate.

We thank especially the members of the committee for their efforts
throughout the development of this report.

Jonathan M. Samet, Chair
Andrew F. Olshan, Vice-Chair
Committee to Review EPA’s Draft
IRIS Assessment of Formaldehyde
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Summary

Formaldehyde is ubiquitous in indoor and outdoor air, and everyone is ex-
posed to formaldehyde at some concentration daily. Formaldehyde is used to
produce a wide array of products, particularly building materials; it is emitted
from many sources, including power plants, cars, gas and wood stoves, and ciga-
rettes; it is a natural product in some foods; and it is naturally present in the hu-
man body as a metabolic intermediate. Much research has been conducted on
the health effects of exposure to formaldehyde, including effects on the upper
airway, where formaldehyde is deposited when inhaled, and effects on tissues
distant from the site of initial contact.

For more than a decade, the U.S. Environmental Protection Agency (EPA)
has been in the process of re-cvaluating the health effects of formaldehyde; in
Jane 2010, it released its draft health assessment of formaldehyde for EPA’s
Integrated Risk Information System (IRIS). Given the complex nature of the
assessment and recognition that the assessment will be used as a basis of risk
calculations and regulatory decisions, EPA asked the National Research Council
(NRC) to conduct an independent scientific review of the draft IRIS assessment
and to answer questions related specifically to its derivation of reference con-
centrations (RfCs) for noncancer effects and unit risk estimates for cancer. In
response to EPA’s request, NRC convened the Committee to Review EPA’s
Draft IRIS Assessment of Formaldehyde, which prepared this report.

In addressing its charge,' the committee reviewed the draft IRIS assess-
ment provided. It did not perform its own assessment, which would have been
beyond its charge. Accordingly, the committee did not conduct its own literature
scarches, review all relevant evidence, systematically formulate its own conclu-
sions regarding causality, or recommend values for the RfC and unit risk. The
committee reviewed the draft IRIS assessment and key literature and determined
whether EPA’s conclusions were supported on the basis of that assessment and
literature.

'See Chapter 1 for the committee’s verbatim staternent of task.

3
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4 Review of EPA’s Draft IRIS Assessment of Formaldehyde

THE DRAFT IRIS ASSESSMENT

Overall, the committee noted some recurring methodologic problems in
the draft IRIS assessment of formaldehyde. Many of the problems are similar to
those which have been reported over the last decade by other NRC committees
tasked with reviewing EPA’s IRIS assessments for other chemicals. Problems
with clarity and transparency of the methods appear to be a repeating theme over
the years, even though the documents appear to have grown considerably in
length. In the roughly 1,000-page draft reviewed by the present committee, little
beyond a brief introductory chapter could be found on the methods for conduct-
ing the assessment. Numerous EPA guidelines are cited, but their role in the
preparation of the assessment is not clear. In general, the committee found that
the draft was not prepared in a consistent fashion; it lacks clear links to an un-
derlying conceptual framework; and it does not contain sufficient documentation
on methods and criteria for identifying evidence from epidemiologic and ex-
perimental studies, for critically evaluating individual studies, for assessing the
weight of evidence, and for selecting studies for derivation of the RfCs and unit
risk estimates. This summary highlights the committee’s substantive comments
and recommendations that should be considered in revision of the draft IRIS
assessment; more detailed comments and recommendations can be found at the
conclusions of individual chapters or following the discussions on individual
health outcomes.

Toxicokinetics

The committee reviewed the extensive discussion on toxicokinetics of
formaldehyde in the draft IRIS assessment and focused on several key issues:
the implications of endogenous formaldehyde, the fate of inhaled formaldehyde,
the systemic availability of formaldehyde, the ability of formaldehyde to cause
systemic genotoxic effects, and the usefulness of various models.

Endogenous formaldehyde. Hamans and other animals produce formalde-
hyde through various biologic pathways as part of normal metabolism. Thus,
formaldehyde is normally present at low concentrations m all tissues, cells, and
bodily fluids. Although there is some debate regarding interpretation of the ana-
lytic measurements, formaldehyde has been measured in exhaled breath and is
most likely present normally at a concentration of a few parts per billion. The
endogenous production of formaldehyde complicates the assessment of the risk
associated with formaldehyde inhalation and remains an important uncertainty
in assessing the additional dose received by inhalation, particularly at sites be-
yond the respiratory tract.

Fate of inhaled formaldehyde. Formaldehyde is a highly water-soluble, re-
active chemical that has a short biologic half-life. Despite species differences in
uptake due to differences in breathing patterns and nasal structures, formalde-
hyde is absorbed primarily at the site of first contact where it undergoes exten-
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Summary 5

sive local metabolism and reactions with macromolecules. Thus, the net result is
that inhaled formaldehyde remains predominantly in the respiratory epithelium
that lines the airways.

Systemic availability of formaldehyde. The issue of whether inhaled for-
maldehyde can reach the systemic circulation is important in assessing the risk
of adverse effects at nonrespiratory sites. The draft IRIS assessment provides
divergent statements regarding systemic delivery of formaldehyde that need to
be resolved. Specifically, some parts of the draft assume that the high reactivity
and extensive nasal absorption of formaldehyde restrict systemic delivery of
inhaled formaldehyde so that formaldehyde does not go beyond the upper respi-
ratory tract, and other parts of the draft assume that systemic delivery accounts
in part for the systemic effects attributed to formaldehyde exposure.

The committee concludes that the weight of evidence suggests that for-
maldehyde is unlikely to appear in the blood as an intact molecule except per-
haps at concentrations high enough to transiently overwhelm the metabolic ca-
pability of the tissue at the site of exposure. Thus, direct evidence of systemic
delivery of formaldehyde is generally lacking. Furthermore, it is unlikely that
formaldehyde reaches distal sites via its hydrated form, methanediol. Although
equilibrium dynamics indicate that methanediol would constitute more than
99.9% of the total free and hydrated formaldehyde, experimental data provide
compelling evidence that hydration of formaldehyde does not enhance delivery
beyond the portal of entry to distal tissues. Pharmacokinetic modeling also sup-
ports that conclusion.

Systemic genotoxic effects of formaldehyde exposure. The draft IRIS as-
sessment correctly concludes that formaldehyde is a genotoxic (DNA-reactive)
chemical that causes cytogenetic effects, such as mutations. Furthermore, the
overall body of evidence suggests that inhaled formaldehyde has a cytogenetic
effect that can be detected in peripheral (circulating) blood lymphocytes. How-
ever, the committee concludes that data are insufficient to conclude definitively
that formaldehyde is causing cytogenetic effects at distant sites. First, the ob-
served effects have occurred in highly exposed people, and extrapolating to
more typical environmental exposures is difficult given the uncertainty sur-
rounding the form of the dose-response curve for cytogenetic changes. Second, a
mechanism that would explain the occurrence of cytogenetic effects in circulat-
ing blood cells has not been established. That gap in mechanistic understanding
is particularly problematic because the data strongly suggest that formaldehyde
is not available systemically in any reactive form. Thus, the committee can only
hypothesize that the observed effects result from an unproven mechanism in
portal-of-enfry tissues.

Usefitlness of various models. Computational fluid dynamics (CFD) mod-
els have been developed to help to predict the dose to nasal tissues from inhaled
formaldehyde. EPA fairly evaluated the models and sources of uncertainty but
did not use the models to extrapolate to low concentrations. The committee con-
cludes that the models would be useful for that purpose and recommends that
EPA use the CFD models to extrapolate to low concentrations, include the re-
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6 Review of EPA’s Draft IRIS Assessment of Formaldehyde

sults in the revised IRIS assessment, and explain clearly its use of CFD model-
ing approaches.

A biologically based dose-response (BBDR) model that has been devel-
oped for formaldehyde could be used in the derivation of the unit risk estimates.
EPA explored the uncertainties associated with the model and sensitivities of
various model components to changes in key parameters and assumptions and,
on the basis of those extrapolations, decided not to use the BBDR model in its
assessment. Although the committee agrees that EPA’s evaluation of the model
yielded some important findings on model sensitivity, some of the manipula-
tions are extreme, may not be scientifically justified, and should not have been
used as the basis of rejection of the use of the BBDR model in its assessment.
Model manipulations that yield results that are implausible or inconsistent with
available data should be rejected as a basis for judging the utility of the model.

The primary purposes of a BBDR model are to predict as accurately as
possible a response to a given exposure, to provide a rational framework for
extrapolations outside the range of experimental data (that is, across doses, spe-
cies, and exposure routes), and to assess the effect of variability and uncertainty
on model parameters. In developing a BBDR model, a model structure and pa-
rameter values should be chosen to constrain model predictions within biologic
and physical limits, all relevant data should be reconciled with the model, and
model predictions should be reconciled with credible outcomes. Thus, it pro-
vides a valuable method for predicting the range of plausible responses in a
given exposure scenario. Given that the BBDR model for formaldehyde is one
of the best-developed BBDR models to date, the positive attributes of BBDR
models generally, and the limitations of the human data, the committee recom-
mends that EPA use the BBDR model for formaldehyde in its cancer assess-
ment, compare the results with those described in the draft assessment, and dis-
cuss the strengths and weaknesses of each approach.

Mode of Action for Formaldehyde Carcinogenesis

Mode of action is defined as a sequence of key events that describe the
biologic pathway from exposure to adverse outcome. Understanding the mode
of action is important because it can provide support for conclusions regarding
causality, and it can affect how unit risk estimates are calculated. Potential
modes of action for formaldehyde carcinogenesis have been debated. EPA based
its approach to its cancer assessment primarily on the conclusion that formalde-
hyde is a genotoxic chemical that causes mutations (a mutagenic mode of ac-
tion). However, for nasal tumors attributed to formaldehyde exposure, animal
data also support a mode of action characterized by regenerative cellular prolif-
eration that results from cytotoxicity. Because multiple modes of action may be
operational, the committee recommends that EPA provide additional calcula-
tions that factor in regenerative cellular proliferation as a mode of action, com-

ED_014350_00020559-00020



Summary 7

pare the results with those presented in the draft assessment, and assess the
strengths and weaknesses of each approach.

Little is known about a potential mode of action for hematopoietic can-
cers, such as leukemias, that have been attributed to formaldehyde exposure and
that are assumed to arise from sites distant from the portal of entry. The draft
IRIS assessment speculates that formaldehyde could reach the bone marrow and
cause the mutagenic effects that Iead to the cancers noted. However, despite the
use of sensitive and selective analytic methods that are capable of differentiating
endogenous exposures from exogenous ones, numerous studies have demon-
strated that systemic delivery of formaldehyde is unlikely at concentrations that
do not overwhelm metabolism. The draft assessment further speculates that cir-
culating hematopoictic stem cells that percolate the nasal capillary bed or nasal-
associated lymphoid tissues may be the target cells for the mutagenic effects that
eventually lead to the cancers noted. However, experimental evidence support-
ing that mechanism is lacking.

Portal-of-Entry Health Effects

EPA evaluated a wide array of outcomes that the committee chose to char-
acterize as portal-of-entry health effects or systemic health effects.” The portal-
of-entry effects include irritation, decreased pulmonary function, respiratory
tract pathology, asthma, and respiratory tract cancers. Overall, the committee
found that the noted outcomes were appropriate to evaluate. EPA identified
relevant studies for its assessment, and on the basis of the committee’s familiar-
ity with the scientific literature, it does not appear to have overlooked any im-
portant study. For a few outcomes, however, as noted below, EPA did not dis-
cuss or evaluate literatare on mode of action that could have supported its
conclusions. Although EPA adequately described the studies, critical evaluations
of the strengths and weaknesses of the studies were generally deficient, and
clear rationales for many conclusions were not provided. In several cases, the
committee would not have advanced a particular study or would have advanced
other studies to calculate the candidate RfCs. Comments on the specific out-
comes are provided below.

Irritation. Formaldehyde has been consistently shown to be an cye, nose,
and throat irritant, and EPA used several studies of residential exposure to calcu-
late candidate RfCs. However, the favorable attributes of one particular selected
study (Richie and Lehnen 1987)° were outweighed by the potential for partici-
pant-selection bias, and EPA should not have used it to calculate an RfC. Fur-

*Portal-of-entry effects are defined here as effects that arise from direct interaction
of inhaled formaldehyde with the airways or from the direct contact of airborne formal-
dehyde with the eyes or other tissue, and systemic effects are defined as effects that occur
outside those systems.

SRitchie, LM, and R.G. Lehnen. 1987. Formaldehyde-related health complaints of
residents living in mobile and conventional homes. Am. J. Public Health 77(3):323-328.
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8 Review of EPA’s Draft IRIS Assessment of Formaldehyde

thermore, EPA set aside the chamber and occupational studies too soon in the
process. Although the chamber studies are of acute duration, they are comple-
mentary with the residential studies and provide controlled measures of expo-
sure and response. Therefore, the committee recommends that EPA present the
concentration-response data from the occupational, chamber, and residential
studies on the same graph and include the point estimate and measures of vari-
ability in the exposure concentrations and responses. The committee notes that
EPA did not (but should) review research findings on transient-receptor-
potential ion channels and evaluate the utility of this evidence for improving
understanding of the mode of action for sensory irritation and respiratory effects
attributed to formaldehyde exposure.

Decreased pulmonary function. The committee agrees with EPA that for-
maldchyde exposure may cause a decrease in pulmonary function, but EPA
should provide a clear rationale to support that conclusion. Furthermore, al-
though the committee supports the use of the study by Kryzanowski et al.
(1990)" to calculate a candidate RfC, EPA should provide a clear description of
how the study was used to estimate a point of departure and should also consider
the studies conducted by Kricbel et al. (1993, 2001)° and the chamber studies for
possible derivation of candidate RfCs.

Respiratory tract pathology. Animal studies in mice, rats, and nonhuman
primates clearly show that inhaled formaldehyde at 2 ppm or greater causes cy-
totoxicity that increases epithelial-cell proliferation and that after prolonged in-
halation can lead to nasal tumors. Although the committee agrees with EPA that
the human studies that assessed upper respiratory tract pathology were insuffi-
cient to derive a candidate RfC, it disagrees with EPA’s decision not to use the
animal data. The animal studies offer one of the most extensive datasets on an
inhaled chemical, and EPA should use the data to derive a candidate RfC for this
outcorme.

Asthma. Asthma is a term applied to a broad phenotype of respiratory dis-
ease that comprises an array of symptoms resulting from underlying airway in-
flammation and associated airway hyper-reactivity. In infants and children,
wheezing illnesses that are the result of lower respiratory tract infections are
often labeled as asthma, and in adults, the symptoms can overlap with those of
other chronic diseases, such as chronic obstructive pulmonary disease. Thus, a
critical review of the literature is essential to ensure that what is being evaluated
is asthma. The committee notes that this issue is not adequately addressed in the

4Krzyzanowski, M., J.J. Quackenboss, and M.D. Lebowitz. 1990. Chronic respira-
tory effects of indoor formaldehyde exposure. Environ. Res. 52(2):117-125.

Kriebel, D., S.R. Sama, and B. Cocanour. 1993. Reversible pulmonary responses to
formaldehyde. A study of clinical anatomy students. Am. Rev. Respir. Dis. 148(6 Pt
1):1509-1515.

Kriebel, D., D. Myers, M. Cheng, S. Woskie, and B. Cocanour. 2001. Short-term ef-
fects of formaldehyde on peak expiratory flow and irritant symptoms. Arch. Environ.
Health 56(1):11-18.
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draft IRIS assessment and that EPA advanced a study (Rumchev et al. 2002)°
that most likely suffers from misclassification of infection-associated wheezing
in young children as asthma. The draft IRIS assessment also provides little dis-
cussion of the current understanding of the mechanisms of asthma causation and
exacerbation. Given the abundant rescarch available, the committee recom-
mends that EPA strengthen its discussion of asthma to reflect current under-
standing of this complex disease and its pathogenesis. Although the committee
agrees that the study by Garrett et al. (1999)" should be used to calculate a can-
didate RfC, the approach taken to identifying the point of departure needs fur-
ther justification.

Respiratory tract cancers. The respiratory tract is considered to be a plau-
sible location of formaldehyde-induced cancers in humans because these cancers
occur at the site of first contact and because studies have shown an increased
incidence of nasal tumors in rats and mice exposed to formaldehyde. However,
the draft TRIS assessment does not present a clear framework for causal deter-
minations and presents several conflicting statements that need to be resolved
regarding the evidence of a causal association between formaldehyde and respi-
ratory tract cancers. On the basis of EPA cancer guidelines, the committee
agrees that there is sufficient evidence (that is, the combined weight of epidemi-
ologic findings, results of animal studies, and mechanistic data) of a causal asso-
ciation between formaldehyde and cancers of the nose, nasal cavity, and naso-
pharnyx. It disagrees that the evidence regarding other sites in the respiratory
tract is sufficient. The committee agrees with EPA that the study by Hauptmann
et al. (2004)* is the most appropriate for deriving a unit risk value but notes that
this study is being updated.

Systemic Health Effects

The systemic effects evaluated by EPA include immunotoxicity, neurotox-
icity, reproductive and developmental toxicity, and lymphohematopoietic (LHP)
cancers. As noted above, high reactivity and extensive nasal absorption of for-
maldehyde restrict systemic delivery of inhaled formaldehyde beyond the upper
respiratory tract and major conducting airways of the lung, so systemic re-
sponses are unlikely to arise from the direct delivery of formaldehyde (or its
hydrated form, methanediol) to a distant site in the body. However, a distinction

*Rumchev, K.B., I.T. Spickett, M.K. Bulsara, M.R. Phillips, and S.M. Stick. 2002.
Domestic exposure to formaldehyde significantly increases the risk of asthma in young
children. Fur. Respir. J. 20(2):403-408.

"Garrett, M.H., MLA. Hooper, B.M. Hooper, P.R. Rayment, and M.J. Abramson.
1999. Increased risk of allergy in children due to formaldehyde exposure in homes. Al-
lergy 54(4):330-337 [Erratum-Allergy 54(12):1327].

8Hauptmann, M., JH. Lubin, P.A. Stewart, R.B. Hayes, and A. Blair. 2004. Mortal-
ity from solid cancers among workers in formaldehyde industries. Am. J. Epidemiol.
159(12):1117-1130.
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10 Review of EPA’s Draft IRIS Assessment of Formaldehyde

needs to be made between systemic delivery and systemic effects. The possibil-
ity remains that systemic delivery of formaldehyde is not a prerequisite for some
of the reported systemic effects seen after formaldehyde exposure. Those effects
may result from indirect modes of action associated with local effects, such as
irritation, inflammation, and stress. Therefore, the committee reviewed EPA’s
evaluation of the systemic effects and determined whether the evidence pre-
sented supported EPA’s conclusions.

As in the evaluation of the portal-of-entry effects, the committee con-
cluded that EPA identified relevant literature and adequately described the stud-
ies selected; however, critical evaluations of study strengths and weaknesses
were generally lacking, and clear rationales for conclusions were often not pro-
vided. As a result, some narratives did not support the conclusions stated. Com-
ments on the specific outcomes are provided below.

Immunotoxicity. The draft IRIS assessment presents numerous studies
suggesting that formaldehyde has the ability to affect immune functions. How-
ever, EPA should conduct a more rigerous evaluation of the strengths and
weaknesses of the studies; mere integration of the human and animal data would
Iend support to the conclusions made. The committee agrees with EPA’s deci-
sion not to calculate a candidate RfC on the basis of immunotoxicity studies.

Neurotoxicity. The committee found that EPA overstated the evidence in
concluding that formaldehyde is neurotoxic; the human data are insufficient, and
the candidate animal studies deviate substantially from neurotoxicity-testing
guidelines and common practice. Furthermore, the committee does not support
EPA’s conclusion that the behavioral changes observed in animals exposed to
formaldehyde are not likely to be caused by the irritant properties of formalde-
hyde. Data indicate that those changes could occur as a result of nasal irritation
or other local responses; stress, also an important confounder that can affect the
nervous system, was not considered by EPA. The draft IRIS assessment pro-
vides conflicting statements that need to be resolved about whether formalde-
hyde is a direct neurotoxicant. The committee agrees with EPA’s decision not to
calculate a candidate RfC on the basis of the neurotoxicity studies.

Reproductive and developmental toxicity. The draft IRIS assessment states
that epidemiologic studies provide evidence of a “convincing relationship be-
tween occupational exposure to formaldehyde and adverse reproductive out-
comes in women.” The committee disagrees and concludes that a small number
of studies indicate a suggestive pattern of association rather than a “convincing
relationship.” Animal data also suggest an effect, but EPA should weigh the
negative and positive results rigorously inasmuch as negative results outnum-
bered positive ones for some end points, should evaluate study quality critically
because some studics of questionable quality were used to support conclusions,
and should consider carefully potential confounders, such as maternal toxicity,
effects of stress, exposure concentrations above the odor threshold, and potential
for oral exposures through licking. Although the epidemiologic studies provide
only a suggestive pattern of association, EPA followed its guidelines and chose
the best available study to calculate a candidate RfC.
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Lymphohematopoietic cancers. EPA evaluated the evidence of a causal re-
lationship between formaldehyde exposure and several groupings of LHP can-
cers—“all LHP cancers,” “all leukemias,” and “myeloid leukemias.” The com-
mittee does not support the grouping of “all LHP cancers” because it combines
many diverse cancers that are not closely related in etiology and cells of origin.
The committee recommends that EPA focus on the most specific diagnoses
available in the epidemiologic data, such as acute myeloblastic leukemia,
chronic lymphocytic leukemia, and specific lymphomas.

As with the respiratory tract cancers, the draft IRIS assessment does not
provide a clear framework for causal determinations. As a result, the conclu-
sions appear to be based on a subjective view of the overall data, and the ab-
sence of a causal framework for these cancers is particularly problematic given
the inconsistencies in the epidemiologic data, the weak animal data, and the lack
of mechanistic data. Although EPA provided an exhaustive description of the
studies and speculated extensively on possible modes of action, the causal de-
terminations arc not supported by the narrative provided in the draft IRIS as-
sessment. Accordingly, the committee recommends that EPA revisit arguments
that support determinations of causality for specific LHP cancers and in so doing
include detailed descriptions of the criteria that were used to weigh evidence and
assess causality. That will add needed transparency and validity to its conclu-
sions.

Derivation of Reference Concentrations for Formaldehyde

An RfC is defined by EPA as “an estimate...of a continuous inhalation
exposure to the human population...that is likely to be without an appreciable
risk of deleterious effects during a lifetime” (EPA 2010).° It is derived by apply-
ing uncertainty factors to a point of departure that is identified in or derived
from a study that ¢valuates a relevant health end point, such as asthma inci-
dence. The committee was asked to comment on specific uncertainty factors
used to derive the candidate RfCs in the draft IRIS assessment: the one used to
capture variability in response to formaldehyde exposure in the human popula-
tion (UFy) and the one used to capture the adequacy of the database (UFp). The
committee notes that it had some difficulty in commenting on derivation of the
RfCs because it would have made some different decisions regarding study se-
lection and calculation of candidate RfCs as indicated above. Accordingly, the
committee’s comments here should not be interpreted as a recommendation for
any particular RfC as presented in the draft IRIS assessment.

Determining the appropriate value of the UFy involves consideration of
possible susceptibility of the human population and the factors that could influ-

EPA (U.S. Environmental Protection Agency). 2010. Glossary, EPA Risk Assess-
ment. U.S. Environmental Protection Agency [online]. Available: http:.//www.epa.gov/
risk_assessment/glossary htm#r [accessed Nov. 29, 2010].
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12 Review of EPA’s Draft IRIS Assessment of Formaldehyde

ence it. The committee agrees with EPA that available data indicate that there
are possible differences in susceptibility to formaldehyde at various life stages
and in various disease states. The epidemiologic studies used to calculate the
candidate RfCs for respiratory effects and sensory irritation included people in
susceptible populations (children and people who have asthma). However, the
modes of action for formaldehyde’s effects are not sufficiently understood to
ensure that all potential susceptible populations and factors contributing to sus-
ceptibility have been identified and adequately described. Thus, the committee
supports the use of a UFy of 3 to calculate candidate RfCs for studies identified
in the draft IRIS assessment on reduced pulmonary function, asthma, and sen-
sory irritation, noting that the committee does not support the advancement of
the studies by Richie and Lehnen (1987)"° and Rumchev et al. (2002)."!

Determining the appropriate value of the UFp involves consideration of
the breadth and depth of the data available on a specific chemical. The database
on formaldehyde is extensive and includes the evaluation of a full array of
health outcomes in the human population and laboratory animals. Although
there are some gaps in the data on reproductive, developmental, immunologic,
and neurotoxic effects, the likelihood that new effects will be observed at con-
centrations below those at which respiratory effects have been observed is low.
Thus, the committee supports the use of a UFp of 1 with the caveat that rescarch
of the types noted should be pursued.

Overall, the committee is troubled by the presentation and derivation of
the proposed RfC values and strongly recommends the approach illustrated and
described in Figure S-1. A similar approach was recommended by the NRC
Committee to Review EPA’s Toxicological Assessment of Tetrachloroethylene
and used in recent EPA assessments of tetrachloroethylene and trichloroethyl-
ene. Appropriate graphic aids that enable the visualization of the concentration
ranges of the candidate RfCs may identify a central value, isolate especially low
or high RfC values that might not be consistent with the body of literature, and
ultimately improve the ability of the assessment to make a compelling case that
the RfC proposed is appropriate for the most sensitive end point and protective
with regard to other potential health effects.

Derivation of Unit Risk Estimates for Formaldehyde

Unit risk for formaldehyde can be defined as the estimate of extra risk
caused by inhalation of one unit of formaldehyde, such as 1 ppm or 1 pg/m’, in

“Ritchie, IM., and R.G. Lehnen. 1987. Formaldehyde-related health complaints of
residents living in mobile and conventional homes. Am. J. Public Health 77(3):323-328.

"Rumchev, K.B., J.T. Spickett, M.K. Bulsara, M.R. Phillips, and S.M. Stick. 2002.
Domestic exposure to formaldehyde significantly increases the risk of asthma in young
children. Eur. Respir. J. 20(2):403-408.
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FIGURE S-1 Hlustration of potential process for identifying an RfC. Health effects asso-
ciated with exposure to the chemical are identified. For each health effect, studies that
meet inclusion criteria are advanced. From each study, one or more health end points that
meet specified criteria are advanced, and a point of departure is identified or derived.
Uncertainty factors are selected and applied to the point of departure to yield a candidate
RIC (cRfC). All cRfCs are evaluated together with the aid of graphic displays that incor-
porate selected information relevant to the database and to the decision to be made. A
final RfC is selected from the distribution after consideration of all critical data that meet
the inclusion criteria.

air. EPA used studies of the National Cancer Institute (NCI) cohort of U.S.
workers exposed to formaldehyde through its production or its use (Hauptmann
et al. 2004'%; Beane-Freeman et al. 2009™) to estimate wunit risk values for three
cancers—nasopharyngeal cancer, Hodgkin lymphoma, and leukemia. The com-
mittee agrees that the NCI studies are a reasonable choice because they are the
only ones with exposure and dose-response data sufficient for calculation of the
unit risks; however, the studies are not without their weaknesses, which should
be clearly discussed and addressed in the revised IRIS assessment. Although
there are uncertainties as discussed above regarding the causal relationship of

2 Hauptmann, M., J.H. Lubin, P.A. Stewart, R.B. Hayes, and A. Blair. 2004. Mor-
tality from solid cancers among workers in formaldehyde industries. Am. J. Epidemiol.
159(12):1117-1130.

B Beane-Freeman, I.E., A. Blair, J H. Lubin, P.A. Stewart, R.B. Hayes, R.N. Hoo-
ver, and M. Hauptmann. 2009. Mortality from lymphohematopoietic malignancies among
workers in formaldehyde industries: The National Cancer Institute cohort. J. Natl. Cancer
Inst. 101(10):751-761.
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4 Review of EPA’s Draft IRIS Assessment of Formaldehyde

formaldehyde exposure and the three kinds of cancer, EPA’s decision to calcu-
late unit risk values for them appears to be defensible on the basis of the
agency’s cancer guidelines. However, EPA should provide a clear description of
the criteria that it used to select the specific cancers and demonstrate a system-
atic application of the criteria. The calculation of the unit risk values is a com-
plex process, involves many sources of uncertainty and variability, and is influ-
enced by the low-dose extrapolation used (for example, linear vs threshold). The
committee therefore recommends that EPA conduct an independent analysis of
the dose-response models to confirm the degree to which the models fit the data
appropriately. EPA is encouraged to consider the use of alternative extrapolation
models for the analysis of the cancer data; this is especially important given the
use of a single study, the inconsistencies in the exposure measures, and the un-
certainties associated with the selected cancers.

THE FORMALDEHYDE IRIS ASSESSMENT: THE PATH FORWARD

The committee recognizes that the completion of the formaldehyde IRIS
assessment is awaited by diverse stakeholders, and it has tried to be judicious in
its recommendations of specific changes noted in its report. However, the com-
mittee concludes that the following general recommendations are critical to ad-
dress in the revision of the draft assessment. First, rigorous editing is needed to
reduce the volume of the text substantially and address the redundancies and
inconsistencies; reducing the text could greatly enhance the clarity of the docu-
ment. Second, Chapter 1 of the draft assessment needs to discuss more fully the
methods of the assessment. The committee is recommending not the addition of
long descriptions of EPA guidelines but rather clear concise statements of crite-
ria used to exclude, include, and advance studies for derivation of the RfCs and
unit risk estimates. Third, standardized evidence tables that provide the methods
and results of each study are needed for all health outcomes; if appropriate ta-
bles were used, long descriptions of the studies could be moved to an appendix
or deleted. Fourth, all critical studies need to be thoroughly evaluated for
strengths and weaknesses by using uniform approaches; the findings of these
evaluations could be summarized in tables to ensure transparency. Fifth, the
rationales for selection of studies that are used to calculate RfCs and unit risks
need to be articulated clearly. Sixth, the weight-of-evidence descriptions need to
indicate the various determinants of “weight.” The reader needs to be able to
understand what elements (such as consistency) were emphasized in synthesiz-
ing the evidence.

The committee is concerned about the persistence of problems encoun-
tered with IRIS assessments over the years, especially given the multiple groups
that have highlighted them, and encourages EPA to address the problems with
development of the draft assessments that have been identified. The committee
recognizes that revision of the approach will involve an extensive effort by EPA
staff and others, and it is not recommending that EPA delay the revision of the
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formaldehyde assessment to implement a new approach. However, models for
conducting IRIS assessments more effectively and efficiently are available, and
the committee provides several examples in the present report. Thus, EPA might
be able to make changes in its process relatively quickly by selecting and adapt-
ing existing approaches. As exemplified by the recent revision of the approach
used for the National Ambient Air Quality Standards, this task is not insur-
mountable. If the methodologic issues are not addressed, future assessments may
still have the same general and avoidable problems that are highlighted here.
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Introduction

Health effects from exposure to formaldehyde have been a topic of re-
search for decades. Past concerns arose from exposures in indoor environments
and studies of workers showing increased risk of nasopharyngeal cancer. In re-
cent years, people who were displaced by Hurricane Katrina and Hurricane Rita
and lived in trailers provided by the Federal Emergency Management Agency
have reported adverse health effects attributed to formaldehyde exposure. Pub-
lished research has also indicated a possible link between leukemia and formal-
dehyde exposure.

The U.S. Environmental Protection Agency (EPA) has been working to
update its health assessment of formaldehyde for its Integrated Risk Information
System (IRIS) for a number of years. The large amount of new research and data
on formaldehyde since its original assessment in the early 1990s has made the
task challenging. Given the complex nature of the assessment and the knowl-
edge that the assessment will be used as the basis of regulatory decisions, EPA
asked the National Research Council (NRC) to conduct an independent scien-
tific review of the draft IRIS assessment and answer questions related specifi-
cally to its derivation of reference concentrations (RfCs) for noncancer effects
and of its unit risk estimates for cancer. In response to EPA’s request, NRC con-
vened the Committee to Review EPA’s Draft IRIS Assessment of Formalde-
hyde, which prepared this report.

FORMALDEHYDE AND THE DRAFT ASSESSMENT

Formaldehyde, which has the chemical structure shown in Figure 1-1, is a
chemical building block of numerous compounds that are used in a wide array
of products (see Gerberich and Seaman 1994; ATSDR 1999; TARC 2006). One
main use is to make resins that are used as adhesives in the production of parti-
cle board, fiberboard, plywood, and other wood products. The resins are also
used to make molding and insulating materials and are used in a variety of other
industries, including the textile, rubber, and cement industries.

16
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FIGURE 1-1 Formaldehyde chemical structure. Formaldehyde is described as a colorless
gas at room temperature with a pungent, suffocating odor.

Formaldehyde is a common environmental chemical that is found in ambi-
ent and indoor air. It is also present naturally in some foods and is a metabolic
intermediate in the human body. For ambient air, major emission sources in-
clude power plants, incinerators, refineries, manufacturing facilities, and auto-
mobiles (ATSDR 1999, TARC 2006). Formaldehyde is also produced by vegeta-
tive decay, animal wastes, forest fires, and photochemical oxidation of
hydrocarbons in the lower atmosphere (ATSDR 1999; TARC 2006). The most
recent EPA data on ambient-air concentrations indicate that the annual means at
moniforing sites range from 0.56 to 36.31 ppb, and the overall mean is 2.77 ppb
(EPA 2010). If the data are categorized by land use, agricultural locations have
the lowest mean, 1.68 ppb, and locations affected primarily by mobile sources
have the highest mean, 5.52 ppb.

Indoor air typically has higher formaldehyde concentrations than ambient
air (ATSDR 1999; TARC 2006; EPA 2010). Major indoor emission sources in-
clude building materials, consumer products, gas and wood stoves, kerosene
heaters, and cigarettes. Indoor-air concentrations depend on the age and type of
construction. Older conventional homes have lower formaldehyde concentra-
tions than newer constructions, and conventional homes have lower formalde-
hyde concentrations than mobile homes. Formaldehyde concentrations in indoor
air have been decreasing since the 1980s, when restrictions on formaldehyde
emissions from building materials were tightened (ATSDR 1999; EPA 2010;
Salthammer ¢t al. 2010). However, on the basis of a review of international stud-
ies, Salthammer et al. (2010) estimated the average formaldehyde exposure of
the general population to be 16-32 ppb in air. Figure 1-2 provides ranges of for-
maldehyde air concentrations in various environments.

Given the pervasive exposure of the general population to some concentra-
tion of formaldchyde, federal agencies tasked with protecting public health are
concerned about the health effects of formaldehyde exposure. EPA is re-
evaluating regulations on the emissions of formaldehyde from composite wood
products and, as part of that effort, is re-evaluating its assessment of noncancer
and cancer risks associated with formaldehyde. Figure 1-3 provides a timeline of
EPA’s activity since its original assessments of noncancer and cancer risks were
released in 1990 and 1991, respectively.
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FIGURE 1-2 Formaldehyde concentration in various environments. Abbreviation:
WHO, World Health Organization. Source: Salthammer et al. 2010. Reprinted with
permission; copyright 2010, American Chemical Society.

Since 1991, numerous studies of the toxicity and carcinogenic potential of
formaldehyde have been published. In 2006, the International Agency on Cancer
Research (IARC) revised its formaldehyde classification from probably carcino-
genic to humans (Group 2A) to carcinogenic to humans (Group 1). The revision
was based on what IARC concluded to be sufficient evidence of nasopharyngeal
cancer in humans, strong but not sufficient evidence of leukemia in humans, and
limited evidence of sinonasal cancer in humans (IARC 2006). In 2009, IARC
reaffirmed its classification of formaldehyde but concluded that there was suffi-
cient evidence of leukemia in humans (Baan et al. 2009). Furthermore, in 2010,
an expert National Toxicology Program (NTP) panel on formaldehyde recom-
mended that formaldehyde be listed as a known human carcinogen in its Report
on Carcinogens (McMartin et al. 2009). That recommendation was a change
from the previous edition, which listed formaldehyde as “reasonably anticipated
to be a human carcinogen” (NTP 2005). Some scientists do not agree with the
recent conclusions from IARC and NTP and have published new studies that
they claim cast doubt on them.

Given the complex nature of assessing the health effects of formaldehyde
and the knowledge that the IRIS assessment will be used as a basis of new regu-
lations, EPA asked NRC to convene a committee to review its draft IRIS as-
sessment,
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FIGURE 1-3 Timeline of the development of the draft IRIS assessment. Abbreviations: IRIS, Integrated Risk Information System; NRC,

National Research Council; RfD, and reference dose.
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20 Review of EPA’s Draft IRIS Assessment of Formaldehyde

THE COMMITTEE’S TASK AND APPROACH

The committee convened as a result of EPA’s request included experts in
epidemiology, exposure assessment, leukemogenesis, mechanisms of carcino-
genicity, inhalation toxicology, neurotoxicology, reproductive and develop-
mental toxicology, statistics, physiologically based pharmacokinetic modeling,
and risk assessment (see Appendix A for biographic information on the commit-
tee). The committee was asked to review EPA’s draft IRIS assessment and to
answer questions concerning the identification of potential noncancer health
effects, the selection of the points of departure for those health effects, and the
basis of the determination of uncertainty factors used to derive the RfCs. The
committee was also asked specifically to comment on the scientific rationale
provided for the cancer assessment and the quantified estimates derived. The
verbatim statement of task is provided in Box 1-1.

BOX 1-1 Statement of Task

A committee of the National Research Council (NRC) will conduct an in-
dependent scientific review of the U.S. Environmental Protection Agency
(EPA) draft human health assessment of formaldehyde for the Integrated
Risk Information System (IRIS). The committee will provide a brief report that
comments on EPA's identification of potential adverse noncancer health ef-
fects, assessment of carcinogenic potential, exposure-response analysis for
identified end points, quantitative risk assessment methods, and evaluation
of sources of uncertainty in the health assessment. Specifically, the commit-
tee will address tasks such as the following:

Inhalation Reference Conceniration for Formaldshyde

= Review and comment on the draft's analysis of the potential noncan-
cer health effects attributable to inhalation exposure to formaldehyde and
answer the following guestions: Has EPA fairly and soundly evaluated the
weight of evidence that formaldehyde causes the effects identified in the
assessment? Has it reached conclusions that can be suppotted by the avail-
able studies and appropriately identified and described the weaknesses of
the studies?

s Review and comment on the draft's evaluation of the studies used to
identify the points of departure for quantitative derivation of the reference
concentration and answer the following questions: Has EPA selected studies
of suitable guality for the quantitative analysis? Has it appropriately deter-
mined the points of depatrture for the effects? In addilion, review and com-
ment on EPA's determinations as to when and how to adjust appropriately
for exposure duration and whether alternatives were adequately considered
and presented.

(Continued)
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BOX 1-1 Continusd

+ Review and comment on the draft's evaluation of the studies used to
determine the uncertainty factors for derivation of the reference concentra-
tion for the sensitive noncancer effects of formaldehyde. Also, review and
discuss the evaluation of the extent to which the available studies capture
the range of human variability in response to formaldehyde exposures; and
review and discuss the completeness of the database used to identify the
hazards of formaldehyde inhalation and to derive a reference concentration.

Carcinogenicity of Formaldehyde

¢ Comment on the cancer weight-of-evidence narrative in the draft, de-
veloped according to EPA's 2005 Guidelines for Carcinogen Risk Assess-
ment and answer the guestion, is the weight-of-evidence narrative scientifi-
cally supported?

= Review and comment on the draft's reasonable upper estimates of the
potential human cancer risk attributable to inhalation of formaldehyde at low
concentrations.

¢ Review and comment on the scientific support for the choices made in
developing the preferred quantitative estimates that are based on dose-
response relationships between several cancers and cumulative inhalation
exposure, and consider such issues as the appropriate dose metric given the
study design, the alternative metrics, and the suitability of alternative metrics
for use in evaluating environmental and residential inhalation exposures to
formaldehyde.

¢ Review and comment on the scientific rationale for the choices made
to develop the supportive estimates that are based on dose-response rela-
tionships from animal studies of nasal tumors, and consider the analysis of
the sensitivity of low-dose estimates from biologically based dose-response
models of formaldehyde for upper respiratory tract cancer to small changes
in model design or model inputs.

To accomplish its task, the committee held four meetings from June 2010
to December 2010. The first two meetings included public sessions during
which the committee heard primarily from the sponsor on the development of
the draft IRIS assessment and approaches used to derive the estimates presented
in it. During each public session, interested partics addressed the committee. The
committee reviewed the draft assessment, numerous scientific publications, and
all materials submitted to it by outside parties.

The committee was tasked with conducting an “independent scientific re-
view” of the draft IRIS assessment, not with conducting its own assessment.
Therefore, the committee did not conduct its own literature search, review all
relevant evidence, systematically formulate its own conclusions regarding cau-
sality, or recommend values for the RfC and unit risk. The committee reviewed
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the draft IRIS assessment and its methods and key literature and determined
whether EPA’s conclusions were supported on the basis of that assessment and
literature. Thus, the present report contains the committee’s conclusions and
recommendations resulting from its review of the draft assessment. The commit-
tee notes that it does not provide a comprehensive discussion of any particular
topic or health outcome, although it does provide brief descriptions where nec-
essary to give the reader some context as to what it is recommending. Further-
more, the committee discussed the various health outcomes using the categories
presented in the draft IRIS assessment. Some overlap among the categories was
noted; for example, asthma—a disease with an immunologic basis—was han-
dled separately from immunologic effects.

Because the committee evaluated what EPA did, there is some inherent
variability in the depth of the committee’s review given the varied discussions in
the draft IRIS assessment. For example, the draft assessment presents discus-
sions on mode of action that vary in level of detail, analysis, and referencing. In
some cases, mode-of-action data—which would support EPA’s conclusion—are
available, but they are not presented in the draft assessment. In those cases, the
committee recommends that those data be reviewed and evaluated. In other
cases, mode of action is highly speculative, and the speculations are discussed at
length in the draft assessment. In those cases, the committee recommends that
the discussion be truncated given the speculative nature of the hypotheses. The
committee notes that a well-established mode of action is not required to make
causal inferences, but mode-of-action data should be discussed when those data
support EPA’s conclusions.

ORGANIZATION OF REPORT

The committee organized its report by separating the overarching elements
of its charge from the more specific ones. Specifically, Chapter 2 addresses the
general methods to develop the draft IRIS assessment because the committee
has concerns about the methods used in its development. Chapter 3 reviews the
toxicokinetics of formaldehyde, which has general relevance for effects at the
portal of entry and elsewhere, and therefore this review precedes the other chap-
ters. The remaining chapters were structared to address the specific elements of
the charge related to the RfCs and unit risk. Accordingly, Chapters 4 and 5 dis-
cuss the weight of evidence for hazard identification and study selection for por-
tal-of-entry and systemic effects, respectively, and Chapter 6 addresses the deri-
vation of the RfC and unit risk. Chapter 7 provides general recommendations for
revisions of the draft assessment and, on the basis of the findings in Chapters 2-
6, comments on the IRIS process used to generate the present assessment.
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Review of Methods

As noted in Chapter 1, the committee was asked to review and comment
on specific aspects of the draft IRIS assessment of formaldehyde. This chapter
provides general comments on the methods and structure of the document. The
committee’s rationale for providing general comments is that the specific ele-
ments of the charge are inseparable from the approach used by the U.S. Envi-
ronmental Protection Agency (EPA) for the development of the assessment and
presentation of its findings.' In responding to questions posed in its charge and
developing its report, the committee noted some recurring methodologic prob-
lems that cut across components of the charge.

The general problems that the committee identified are not unique to the
draft IRIS assessment of formaldehyde. Committees of the Board on Environ-
mental Studies and Toxicology (BEST) of the National Research Council (NRC)
have reviewed a number of IRIS assessments in the last decade, including three
(NRC 2005, 2006, 2010) in the last 5 years. Some of the general problems iden-
tified by the present committee have been commented on by the other BEST
committees. For example, the 2006 NRC report on dioxin and related com-
pounds commented on the need for formal, evidence-based approaches for non-
cancer effects, the need for transparency and clarity in the selection of data sets
for analysis, and the need for greater attention to uncertainty and variability
(NRC 2006). The 2010 NRC review of the draft IRIS assessment of tetrachloro-
ethylene found similar problems and provided a chapter, “Moving Beyond the
Current State of Practice,” that addressed methodologic issues and the failure to
establish clear and transparent methods for carrying out and presenting the as-
sessment (NRC 2010). That report also provided a broad set of recommenda-
tions on characterization of uncertainty.

"The committee distinguishes between the process used to generate the draft IRIS
assessment and the overall IRIS process that includes not only generation of the assess-
ment but the many layers of review. In this report, the committee is focused on the ap-
proach used to generate the draft assessment.

24
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The present chapter addresses the general assessment methods and covers
identification of the studies considered, their evaluation, and the weight-of-
evidence assessment. These issues are also addressed within the context of the
specific health outcomes evaluated (see Chapters 4-5).

REVIEW OF THE METHODOLOGY OF THE DRAFT IRIS
ASSESSMENT OF FORMALDEHYDE

IRIS has the overall purpose of evaluating human health effects that may
arise from exposure to environmental contaminants (EPA 2010a). An IRIS as-
sessment addresses noncancer and cancer effects as appropriate and provides
descriptive and quantitative information:

e “Noncancer effects: Oral reference doses and inhalation reference
concentrations (RfDs and RfCs, respectively) for effects known or assumed to
be produced through a nonlinear (possibly threshold) mode of action. In most
instances, RfDs and RfCs arc developed for the noncarcinogenic effects of
substances” (EPA 2010a).

e “Cancer cffects: Descriptors that characterize the weight of evidence
for human carcinogenicity, oral slope factors, and oral and inhalation unit risks
for carcinogenic effects. Where a nonlinear mode of action is established, RfD
and RfC values may be used” (EPA 2010a).

A sequence of activities is involved in conducting IRIS assessments and in
calculating RfCs and umit risk estimates. Figure 2-1 is a generic schema that
describes the steps used to generate the draft TRIS assessment and the actions
needed at each step. The figure is the committee's representation of that process,
as gleaned from the assessment. Although the draft IRIS assessment does not
explicitly acknowledge these steps, they are implicit in the approach and are
ordered as shown.

Tdentify Fvaluate Ev.ah\ate Select. Stgdles for Calculate
Evidence Fvidence Weight of Derivation of REC and UR
- Evidence RICs and URs
Use Systematic Apply Uniform Apply Weight-of- Assess Heterogeneity Apply IRIS
Review Process Approach to Evidence Criteria Select Key Studies Approach

Study Evaluation

FIGURE 2-1 Elements of the IRIS process. Abbreviations: IRIS, Integrated Risk Infor-
mation System; RfC, reference concentration; and UR, unit risk.
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In fact, the general approach receives little description in the draft assess-
ment. The methods for conducting the assessment are described in a two-page
ntroduction to a document whose main chapters and appendixes occupy about
1,000 pages. The committee notes that the introductory chapter of the formalde-
hyde assessment is almost identical with that of other IRIS assessments (see, for
example, the IRIS summary for chloroprene, EPA 2010b). The two pages con-
stitute the sole description of the methods used by the authors and cite numerous
EPA guidance documents, some dating to 1986 (see Appendix B for some of the
most relevant portions of those documents). Some of the guidance documents
are cited at appropriate points in the draft assessment, but their specific roles in
the preparation of the draft are not clear.

In general, the committee found that the draft assessment was not prepared
in a transparent, consistent fashion with clear linkages to an underlying frame-
work as it moves from review of the relevant evidence to calculation of the RfCs
and unit risk estimates and characterization of their uncertainty and variability.
The committee did not find sufficient documentation of methods and criteria for
identifying the epidemiologic and experimental evidence to be reviewed, for
evaluating individual studies, for assessing weight of evidence, for selecting
mdividual studies for derivation of toxicity and risk estimates, or for characteriz-
ing uncertainty and variability. Summary sections that synthesize the evidence
are variable and too often brief or not present, and strength of evidence is not
characterized with standardized descriptors.

The committee emphasizes that its criticism regarding the lack of docu-
mentation is not a recommendation for adding lengthy summaries of the indi-
vidual guidance documents to the introductory chapter. It is suggesting that clear
concise descriptions of key criteria used to include studies in the analysis, to
exclude studies, or to advance studies for calculation of RfCs and unit risk esti-
mates are needed. Nuances concerning specific health outcomes could be ad-
dressed in the infroductory sections on those outcomes. The following sections
provide comments on the general steps of the process. Again, specific aspects
are addressed in Chapters 4-5 for each health outcome.

Literature Identification

The ability to identify and filter studies is crucial for any literature review
that is synthesizing the potential effects of a suspected hazard. The evaluation of
all relevant studies in an IRIS review process is analogous to the collection of
relevant studies for a meta-analysis. A general approach to literature review is
provided in Chapter 1 of the draft IRIS assessment of formaldehyde. EPA used a
Chemical Abstracts Service Registry Number (CASRN) and “at least one com-
mon name” (EPA 2010c¢, p. 1-2) to search for relevant publications. The specific
databases searched are not listed. PubMed searches are critical for identifying
the literature on risks to health; the committee notes that PubMed does not spe-
cifically capture the CASRN.
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The state of the art of literature searches now involves providing an exten-
sive description of the databases searched and the search terms used. Chapter 1
of the draft IRIS assessment does not provide a list of the search terms used,
such as terms that were used for the various health outcomes relevant to formal-
dehyde. The draft assessment also does not describe the results of searches, so
the numbers of articles identified and excluded are unavailable to readers.

Study Evaluation

The draft IRIS assessment evaluates many individual studies in a variety
of disciplines. A description of the methods for evaluating individual studies is
not provided, and it appears to this committee that studies were not reviewed
with a common template for assessing their strengths and weaknesses. The
committee notes that the template for evaluation would vary appropriately with
the type of research study being considered. Such a strategy is not uniformly
evident, and the evidence considered is not presented consistently in informative
tables.

In some cases, there is a tendency to describe the studies ultimately se-
lected for the derivation of the RfC in favorable terms. For example, a cross-
sectional study by Krzyzanowski et al. (1990)—a study selected for the calcula-
tion of an RfC for respiratory effects—is referred to as “well-designed and exe-
cuted” (EPA 2010c, p. 4-41) without emphasis on the inherent weaknesses of its
cross-sectional design. The committee found one study selected for advance-
ment for calculation of an RfC (Ritchie and Lehnen 1987) to be potentially sub-
ject to severe bias and would not have recommended it for advancement. Spe-
cifically, selection of the study population was based on a visit to a physician
and referral for formaldehyde-concentration measurement, and the concentra-
tion-response gradient was considered by the committee to be implausibly steep
(see Chapter 4 for further discussion).

Synthesis of Evidence and Evaluation of Causation

In evaluating the evidence of causation, the draft IRIS assessment cites
various EPA guidelines that apply weight-of-evidence approaches in assessing
the strength of evidence. Those guidelines have been developed over a period of
nearly 2 decades, and consequently consistency of methods is lacking from out-
come to outcome (Appendix B). The implementation of the guidelines appears
to be subjective and not standardized. The committee found variable detail in
how the weight-of-evidence criteria had been applied. Uniformly developed
discussions applying the weight-of-evidence criteria cannot be identified at ap-
propriate points in the text. In some sections, the discussion of biologic evidence
is particularly weak (for example, in the case of asthma pathogenesis) and often
not reflective of the current state of knowledge.
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SUMMARY

In summary, when the review of studies used in the draft IRIS assessment
of formaldehyde is compared with the current standard for evidence-based re-
views and causal inference, limitations in each step used to generate the draft
IRIS assessment are evident. For example, the methods are not clearly de-
scribed, the review approaches are not transparent, and there is no indication that
evidence-grading strategics were uniformly applied. In addition, the selection
approach to identifying studies for RfC calculation appears ad hoc. The commit-
tee emphasizes that it is not recommending that EPA add an extensive discus-
sion of its guidelines to the draft IRIS assessment. It is recommending that key
factors used to exclude, include, or advance studies be discussed.
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Toxicokinetics and Modes of
Action of Formaldehyde

This chapter provides the committee’s review of the draft IRIS assessment
that is relevant to formaldehyde toxicokinetics, carcinogenic modes of action,
pharmacokinetic models, and biologically based dose-response (BBDR) mod-
els.! The committee comments on the Environmental Protection Agency (EPA)
analysis of the fate of inhaled formaldehyde in the respiratory tract (portal of
entry) and at more distant sites reached through systemic circulation, the use of
formaldehyde-induced cross-links as biomarkers, and the ability of formalde-
hyde to cause systemic genotoxic effects. The committee also reviews EPA’s
use of the computational pharmacokinetic models and BBDR models that have
been developed for formaldehyde and considers EPA’s analysis of the sensitiv-
ity of low-dose BBDR-model estimates to small changes in model design or
model inputs.

The discussion provided here is not intended to be exhaustive but rather
focuses on the evidence presented in the draft IRIS assessment that was used to
support EPA’s key conclusions. It also dwells on the inhalation pathway rather
than other exposure pathways because the inhalation pathway is the focus of the
draft IRIS assessment. In conducting its review, the committee attempted to an-
swer several central questions underlying the approach taken by EPA, including
the following:

+ Is formaldehyde an endogenous chemical?
e What is the immediate fate of inhaled formaldehyde?
¢ Is inhaled formaldehyde available systemically?

"This chapter focuses on carcinogenic modes of action. Known or hypothesized
modes of action for other effects, such as airway irritation, are discussed elsewhere in this
report.

29
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« Can formaldehyde-related effects alter its toxicokinetics?

e Are formaldehyde-induced cross-links useful biomarkers of exposure?

« Can inhaled formaldehyde have systemic genotoxic effects?

o Are useful computational pharmacokinetic models for formaldehyde
inhalation available?

¢ Has a mode of action for formaldehyde carcinogenesis been identified?

o What is the status of BBDR models for formaldehyde?

¢ Should the BBDR models available for formaldehyde be used in EPA’s
quantitative assessment?

Some of those questions could be answered by weighing the evidence from re-
search studics considered in the draft IRIS assessment; others could not be an-
swered by the committee with high confidence.

Overall, the committee found that the chapters describing the toxicokinet-
ics, modes of action, and various models are well organized and that the draft
IRIS assessment accurately reflects the current understanding of the toxicokinet-
ics of inhaled formaldehyde and provides a thorough review of the metabolism,
cytotoxicity, and genotoxicity of formaldehyde. The literature review in the draft
IRIS assessment appears to be up to date and to include all major and recent
studics published as of the release date.

TOXICOKINETICS
Is Formaldehyde an Endogenous Chemical?

The committee notes that EPA satisfactorily describes the current under-
standing of endogenous formaldehyde. It is well established that formaldehyde
is produced endogenously by enzymatic and nonenzymatic pathways or as a
detoxification product of xenobiotics during cellular metabolism (ATSDR
1999). There is also broad agreement that formaldehyde originating from meta-
bolic or dietary sources is normally present at low concentrations in all tissues,
cells, and bodily fluids. The concentration of endogenous formaldehyde in the
blood of rats, monkeys, and humans is about 0.1 mM (Heck et al. 1985; Casa-
nova et al. 1988). Background concentrations in the liver and nasal mucosa of
the rat are 2-4 times those in the blood (Heck et al. 1982). Endogenous tissue
formaldehyde concentrations are similar to concentrations (about 0.05 mM) that
induce genotoxicity and cytolethality in vitro (Heck and Casanova 2004).

Heck et al. (1985) did not observe an increase in blood formaldehyde con-
cenfrations in rats and humans after exposure to inhaled formaldehyde at 14.4
ppm (2 hr) or 1.9 ppm (40 min), respectively. Subchronic studies conducted in
rhesus monkeys have also shown that blood formaldehyde concentration was not
measurably altered by exposure to airborne formaldehyde at 6 ppm for 6 hr/day
5 days/week for 4 weeks (Casanova-Schmitz et al. 1984).
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Formaldehyde has also been measured in exhaled breath, but the interpre-
tation of some measurements made with mass spectrometry has been questioned
(Spanel and Smith 2008; Schripp et al. 2010). Spanel and Smith (2008) showed
that a trace contaminant (up to 1%) of the reagent gas used in real-time mass-
spectrometric methods—specifically proton-transfer reaction mass spectrometry
(PTR-MS) and seclected ion flow tube mass spectrometry (SIFT-MS)—rcacts
with endogenous methanol and ethanol that is normally found in exhaled breath
to produce the same main ion (mass-to-charge ratio of 31) as is used to measure
formaldehyde. Thus, they concluded that up to 5 ppb of the formaldehyde con-
centration determined in the exhaled breath of humans reported in earlier studies
that did not account for this confounding may be due to methanol or ethanol and
not formaldehyde; that is, 1% of total background concentrations of methanol or
ethanol of about 500 ppb would be misclassified as formaldehyde. The commit-
tee concurs with EPA’s concerns as to whether some published exhaled-breath
measurements of formaldehyde are analytically valid. The committee also notes
that this methodologic problem is inconsistently addressed by EPA in its re-
analysis of the exhaled-breath experiments. The committee concludes, however,
that regardless of the methodologic issue related to breath analysis, formalde-
hyde is normally present at a few parts per billion in exhaled breath after the
measurement error associated with a trace contaminant in the reagent gas used in
previous mass-spectrometric methods is taken into account.

The committee concludes that formaldehyde is an endogenous compound
and that this finding complicates assessments of the risk posed by inhalation of
formaldehyde. The committee emphasizes that the natural presence of various
concentrations of formaldehyde in target tissues remains an important uncer-
tainty with regard to assessment of the additional dose received by inhalation.

What Is the Immediate Fate of Inhaled Formaldehyde?

Formaldehyde has been the subject of multiple toxicokinetic studies in ro-
dents, dogs, and monkeys and of numerous in vitro and biomonitoring studies in
humans. Although there may be quantitative differences between species, the
fate of formaldechyde is qualitatively similar among specics. The draft IRIS as-
sessment provides an extensive and thorough review of the literature on the fate
of formaldehyde in the body.

Formaldehyde is highly water-soluble and exists in water almost exclu-
sively in a reversible hydrated form (methanediol). Thus, less than 0.1% of for-
maldehyde can be considered “free” once it enters the body. Formaldehyde is
highly reactive at the site of entry and reacts readily with macromolecules, in-
cluding DNA to form DNA-protein (DPX) and DNA-DNA (DDX) cross-links.
Formaldehyde is oxidized to formate by a low-Km (400-uM) mitochondrial al-
dehyde dehydrogenase-2 (ALDH2) or via a two-enzyme system that converts
nonenzymatically formed glutathione adducts (S-hydroxymethylglutathione) to
the intermediate S-formylglutathione, which is then metabolized to formate and
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glutathione by S-formylglutathione hydrolase. Those metabolic processes con-
tribute to the short biologic half-life of formaldehyde.

Inhaled formaldehyde is absorbed primarily in the upper airways because
of its high water solubility, metabolism, and reactivity. Inhaled formaldehyde in
the nasal cavity initially contacts the mucus layer lining the epithelium (Figure
3-1). Once in the mucus layer, formaldehyde undergoes a reversible reaction
with water to form methanediol. Albumin in the mucus that lines the human
nasal epithelium (Figure 3-1) forms an additional barrier to the systemic absorp-
tion of formaldehyde (Bogdanfty et al. 1987). The solubility of formaldehyde in
mucus and the ciliary movement and ingestion of mucus may account for the
removal of as much as 42% of the inhaled dose in rodents (Schlosser 1999).
Diffusion is the dominant transport mechanism for formaldehyde through the
mucus layer. Some inhaled formaldehyde passes through the mucus layer to
reach the epithelium where its transformation and removal occur by enzymatic
reactions with the nasal tissue and nonenzymatic reactions with glutathione and
macromolecules, including proteins and DNA.

Cilia Respiratory AIR Follicle associated
& mucus  epithelium epithelium -

Pseudo-stratified
epithelium

Portal of Entry
For@aldehydé Cancghtration. Gradient:

FIGURE 3-1 Schematic representation of the mammalian nasal epithelium. Inhaled for-
maldehyde reacts rapidly with macromolecules in the tissue and the albumin in the mucus
that lines the respiratory epithelium; these reactions result in a steep concentration gradi-
ent. Formaldehyde crossing the basement membrane can react further with macromole-
cules in the submucosal layer or reach the systemic circulation. The figure also shows a
representation of the nasal-associated lymphoid tissue (NALT) that is generally present
near the ethmoid turbinates on either side of the nasal septum and near the ventral naso-
pharyngeal duct. The NALT is one putative site of formaldehyde interactions with lym-
phoid tissues, but direct evidence that supports this hypothesis is lacking.
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Removal of formaldehyde from the air by the upper respiratory tract is ef-
ficient. For example, nasal uptake of inhaled formaldehyde in dogs is nearly
complete (Egle 1972). Penctration of formaldehyde to more distal airways was
not observed in formaldehyde-exposed dogs even in the presence of increased
breathing rates or exposure to formaldehyde at high concentrations (Egle 1972).
In rats and mice, which are obligate nasal breathers with a highly complex nasal-
airway geometry and large ratio of surface area to lumen volume, most inhaled
formaldehyde (average, about 97%) is also taken up in the nasal cavity (Patter-
son et al. 1986). Computer models predict that systemic delivery of formalde-
hyde in rodents is extremely low and would not increase formaldehyde concen-
trations in tissues (Franks 2005). The results of those simulations are supported
by animal studies that show that formaldehyde inhalation in rodents or nonhu-
man primates did not alter blood formaldehyde concentrations. Studies using
DPX formation as an exposure surrogate corroborate that conclusion. For exam-
ple, Casanova-Schmitz et al. (1984) found that exposure of rats to *C- and *H-
labeled formaldehyde at 15 ppm did not result in DPX formation in bone mar-
row. However, they did observe non-linear DPX formation in the nasal mucosa
at concentrations of 2 ppm or greater.

In humans, oral breathing bypasses the uptake in the nasal epithelium; this
breathing pattern leads to increased delivery of formaldehyde to the intermediate
regions of the respiratory tract (that is, from the oral cavity to the upper conduct-
ing airways of the lungs) (Overton ¢t al. 2001). Nasal uptake of formaldehyde is
also reduced as ventilation rates increase.

The committee concludes that the immediate fate of inhaled formaldehyde
is primarily absorption at the site of first contact where it undergoes extensive
local metabolism and reactions with macromolecules, despite species differ-
ences in uptake resulting from different breathing patterns (for example, orona-
sal breathing in humans vs nasal breathing in rodents). Although the site of ab-
sorption in the respiratory tract may depend on airway anatomy (simple vs
complex), breathing pattern (nasal vs oronasal), and ventilation rate, the net re-
sult is that inhaled formaldehyde predominantly remains in the respiratory epi-
thelium.

Is Inhaled Formaldehyde Available Systemically?

As mentioned carlier, several studies have demonstrated that inhaled for-
maldehyde has at most little systemic bioavailability. Some experiments exam-
ined the disposition of C-labeled formaldehyde, and others used techniques of
analytic chemistry—such as gas or liquid chromatography coupled to mass spec-
trometry (for example, GC-MS)—to evaluate changes in formaldehyde concen-
trations in blood or tissue after inhalation. The studies have found that formal-
dehyde undergoes rapid elimination in blood with virtually no increase in “free”
formaldehyde in blood or systemic tissues. Although the studies demonstrate
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relatively long retention of the ''C radiolabel, this observation most likely re-
flects incorporation and turn over of the so-called 1-carbon pool. As noted by
EPA, “measuring the distribution of the absorbed formaldehyde based on "'C-
radiolabeling and GC-MS studies alone is problematic because it is difficult to
resolve (through these studies) whether it is free, reversibly bound, irreversibly
bound, formate, one-carbon pool, etc. This is of significance with regard to un-
derstanding the availability of the absorbed formaldehyde” (EPA 2010, p. 3-12).
The committee shares EPA’s concern.

A series of studies using dual-labeled ("*C/°H) formaldehyde in rats has
been performed to address the analytic concern (Casanova-Schmitz and Heck
1983; Casanova-Schmitz et al. 1984). The draft IRIS assessment accurately
summarizes the main conclusions reached from those experiments, namely that
“labeling in the nasal mucosa was due to both covalent binding and metabolic
corporation,” that “DPX [were] formed at 2 ppm or greater in the respiratory
mucosa,” and that “formaldehyde did not bind covalently to bone marrow mac-
romolecules at any exposure concentration” (up to 15 ppm) (EPA 2010, p. 3-
12). The labeling of bone marrow macromolecules was found by the investiga-
tors to be due entirely to metabolic incorporation of the radiolabels, not to direct
covalent binding of intact formaldehyde. The committee views those findings as
supporting the hypothesis that inhaled formaldehyde is not delivered systemi-
cally under the exposure conditions used in the studies (0.3-15.0 ppm, 6 hr)
(EPA 2010).

The committee also found that the more contemporary work performed by
Lu et al. (2010) that examined formaldehyde-induced DNA adducts and DDX
cross-links provided no direct evidence of systemic availability of inhaled for-
maldehyde. The Lu et al. (2010) study used “CD,-labeled formaldehyde and
showed that *CD,-formaldehyde-DNA adducts and DDX were confined to the
nasal cavity of exposed F344 rats, even though they examined much more DNA
isolated from bone marrow, lymphocytes, and other tissues at distant sites for
the adducts. The male Fischer 344 rats were exposed to [°CD, |-formaldehyde at
10 ppm for 1 or 5 days (6 hr/day) with a single nose-only unit.

The strongest data cited by EPA in support of systemic delivery of inhaled
formaldehyde come from several studies in which antibodies to formaldehyde-
hemoglobin and formaldehyde-albumin adducts were detected in blood from
exposed workers, smokers, and laboratory animals. The studies did not defini-
tively demonstrate, however, whether adduct formation occurs at a site distant
from the portal of entry. For example, it is not known whether the adducts could
be formed in the airway submucosal capillary beds or reflect systemic delivery
of formaldehyde. Moreover, the draft IRIS assessment does not evaluate the
antibody work as critically as the direct chemical-analysis approaches. The
committee found that the draft does not offer a sufficient basis for EPA’s reli-
ance on the antibody data to support the hypothesis that formaldehyde (or its
hydrated form, methanediol) may reach sites distal to the portal of entry and
produce effects at those sites.
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Questions have arisen regarding the possibility that formaldehyde reaches
distal sites as methanediol. However, although equilibrium dynamics indicate
that methanediol would constitute more than 99.9% of the total free and hy-
drated formaldehyde, the experimental data described above provide compelling
evidence that hydration of formaldehyde to methanediol does not enhance deliv-
ery of formaldehyde beyond the portal of entry to distal tissues. Furthermore,
Georgieva et al. (2003) used a pharmacokinetic modeling approach that explic-
itly accounted for the competing processes of hydration, dehydration, diffusion,
reactivity with macromolecules, and metabolism and demonstrated that hydra-
tion-dehydration reaction rates determined from equilibrium studies in water are
not applicable in biologic tissues, given that their use in the model resulted in
simulations that were inconsistent with the available data. For example, the cal-
culated dehydration rate from equilibrium dynamics studies in water was so
small relative to other competing rates that too little formaldehyde would be
available to account for the measured DPX rates. Thus, the data provide a strong
ndication that the hydration-dehydration reaction should not be rate-limiting
and can thus be ignored in modeling the disposition of inhaled formaldehyde in
nasal tissues.

EPA also suggested that systemic delivery of formaldehyde-glutathione
adducts and latter release of free formaldehyde may result in delivery of formal-
dehyde to sites distal to the respiratory tract. However, experimental data sup-
porting that hypothesis are lacking, as acknowledged by the draft IRIS assess-
ment. In fact, additional data based on even more sensitive analytic methods
published since the draft assessment was released casts further doubt on the hy-
pothesis that formaldehyde reaches the systemic distribution in a form that can
react with macromolecules in tissues remote from the portal of entry (Lu et al.
2011; Moeller et al. 2011; Swenberg et al. 2011).

The committee also found two divergent statements regarding systemic
delivery of formaldehyde in the draft IRIS assessment. Some parts of the draft
assume that the high reactivity and extensive nasal absorption of formaldehyde
restrict the systemic delivery of inhaled formaldehyde to the upper respiratory
tract (for example, EPA 2010, p. 4-371). Under that assumption, systemic re-
sponses—including neurotoxicity, reproductive toxicity, and leukemia—are
unlikely to arise from the direct delivery of formaldehyde (or methanediol) to a
distant site in the body, such as the brain, the reproductive tract, and the bone
marrow. Other portions of the document presume systemic delivery of formal-
dehyde (or its conjugates) and use this presumption to account in part for the
systemic effects (see, for example, p. 4-1, lines 16-19; p. 4-472, line 18; Section
4.5.3.1.8; and p. 6-23, line 31). The committee found the inconsistency to be
troubling, and the divergent assumptions are not justified.

The committee concludes that the issue of whether inhaled formaldehyde
can reach the systemic circulation is extremely important in assessing any risk of
adverse outcomes at nonrespiratory sites associated with inhalation of formalde-
hyde. Moreover, the committee concludes that the weight of evidence suggests
that it is unlikely for formaldehyde to appear in the blood as an intact molecule,
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except perhaps after exposures at doses that are high enough to overwhelm the
metabolic capability of the tissue at the site of entry. Thus, although many sensi-
tive and selective investigative approaches have been used, systemic concentra-
tions from inhaled formaldehyde are indistinguishable from endogenous back-
ground concentrations. The committee, however, notes the importance of
differentiating between systemic delivery of formaldehyde and systemic effects.
The possibility remains that systemic delivery of formaldehyde is not a prereq-
uisite for some of the reported systemic effects seen after formaldehyde expo-
sure. Those effects may result from indirect modes of action associated with
local effects, especially irritation, inflammation, and stress.

Can Formaldehyde-Related Effects Alter Its Toxicokinetics?

Formaldehyde is an irritant gas in humans and animals. Rodents exposed
to sufficiently high formaldehyde concentrations develop reflex bradypnea, de-
creased body temperature, reduced oxygen demand, and reduced nasal muco-
ciliary clearance. For example, the minute volume decreased by 45% in rats and
75% in mice during formaldehyde inhalation at 15 ppm for 10 min compared
with controls (Chang et al. 1983). The species difference may contribute to the
difference between rats and mice in the incidence of nasal lesions. At identical
exposures, mice were found to receive a lower effective dose at the target tissue
in the nasal cavities than rats because mice have a greater reduction in minute
ventilation in response to sensory irritation of the respiratory tract. The lower
effective dose of mice was verified by the observation that mice had smaller
increases in formaldehyde-induced cell proliferation in the nasal mucosa than
rats. The findings could explain why higher formaldehyde exposure concentra-
tions were needed to induce the same degree of toxic effects (such as nasal tu-
mors) in mice as occurs in rats at lower exposures (Chang et al. 1983). The
committee notes that the CFD models of Kimbell et al. (2001a,b) do not account
for potential effects of sensory irritation on ventilation inasmuch as only two
mass-transfer coefficients, one for mucus-coated and one for non-mucus-coated
epithelial regions of the nose, were used in all simulations to derive uptake into
nasal tissues. However, later models that account for DPX cross-links and cyto-
toxicity (Conolly et al. 2000, 2002, 2003, 2004; Georgieva et al. 2003) relied on
animal data that were obtained at concentrations that potentially caused irritation
to derive parameters associated with metabolism and reactivity; thus, the poten-
tial effect of altered ventilation was indirectly compensated for in those model
simulations.

EPA also hypothesized that airway remodeling induced by formaldehyde
exposure might alter formaldehyde dosimetry. For example, squamous epithe-
lium absorbs considerably less formaldehyde than other epithelial types (Kim-
bell et al. 1997). Metaplasia of the anterior nasal epithelium to a squamous
epithelial phenotype occurs in rats exposed repeatedly to formaldehyde at 3 ppm
or higher (Kimbell et al. 1997). Although EPA identified the consequences of
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metaplasia for dosimetry, the committee concludes that this issue is not particu-
larly important at the low exposure concentrations relevant to derivation of a
reference concentration (RfC).

The committee agrees with EPA’s conclusion that “certain formaldehyde-
related effects have the potential to modulate its uptake and clearance” (EPA
2010, p. 3-5). Some of the effects, such as changes in mucociliary function and
altered nasal epithelium, could occur in humans. However, reflex bradypnea and
related modulating effects seen in rodents do not occur in phylogenetically
higher animals (nonhuman primates) or humans. Thus, formaldehyde exposures
at concentrations relevant for an RfC or unit risk are unlikely to alter its toxi-
cokinetics.

Are Formaldehyde-Induced Cross-Links Useful Biomarkers of Exposure?

As noted ecarlier, formaldehyde readily forms DPX and DDX cross-links.
A variety of analytic chemistry approaches, including radiolabeled formalde-
hyde tracers, have been used to evaluate formaldehyde binding to macromole-
cules and to differentiate binding from metabolic incorporation. For example,
rats given intravenous injections of C-formaldehyde or '*C-formate, a metabo-
lite of formaldehyde that contributes to the one-carbon pool, develop similar
blood radioactivity profiles; this suggests that labeling of blood macromolecules
is due to metabolic incorporation rather than adduct formation (Heck and Casa-
nova 2004).

DPX formation in human white blood cells after in vitro exposure to for-
maldehyde (0-10 mM) for 1.5 hr rose linearly with increasing formaldehyde
concentrations above 0.001 mM (Shaham et al. 1996). The kinetics of DPX
formation in vivo (and in some in vitro systems) appear more complicated and
reflect a balance between DPX formation and repair processes. Overall, DPX
have been detected in upper and lower respiratory tracts of rodents and nonhu-
man primates. For example, Casanova and colleagues (Casanova et al. 1989,
1994) conducted formaldehyde inhalation studies in male F344 rats to determine
DPX formation. In one study, DPX concentrations were measured from the na-
sal lateral meatus, medial meatus, and posterior meatus after inhalation of “e-
formaldehyde (Casanova et al. 1994). The sites were selected because they were
associated with a high tumor incidence in a formaldehyde bioassay (Monticello
et al. 1989, 1991). The other study measured DPX concentrations in nasal mu-
cosal tissue taken from the entire nasal cavity (Casanova et al. 1989). Formation
of DPX demonstrated a nonlincar dose-response relationship within the nasal
epithelium; statistically significant increases occurred after exposure at concen-
trations of 0.3 ppm and higher.

Although the mechanisms for DPX-induced cell death have not been es-
tablished, DPX formation has been used as a key event linking external expo-
sures with cellular responses (mutagenicity, cytotoxicity, and compensatory
cellular regeneration) in the development of pharmacokinetic and BBDR mod-
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els. Pharmacokinetic models that describe in vivo DPX formation have included
saturable pathways to describe enzymatic formaldehyde metabolism, a first-
order pathway to represent formaldehyde's reaction with tissue constituents, and
first-order binding to DNA (Hubal ct al. 1997; Conolly et al. 2000). Yang and
co-workers (2010) have suggested that a single, saturable pathway competing
with DNA binding could describe the DPX data fairly well in rodents exposed to
formaldehyde at 15 ppm or less. The models predict that less than 1% is cova-
lently bound as DPX in the airway (Casanova et al. 1991; Heck and Casanova
1994).

DPX have also been reported in circulating lymphocytes from formalde-
hyde-exposed people (Shaham et al. 1996, 1997, 2003). For example, Shaham et
al. (1996) measured DPX concentrations in human white blood cells from 12
workers exposed to formaldchyde and from eight controls. The authors found a
statistically significant difference in the DPX concentrations in lymphocytes
between the formaldehyde workers and the unexposed controls. However, only
four of the 12 exposed workers had DPX concentrations above the upper range
of the controls. The authors also reported a lincar relationship between years of
exposure and the amount of DPX and concluded that DPX may be used as a
biomarker of formaldehyde exposure. Several limitations of the study have been
identified by others (Casanova et al. 1996). Most netably, the control group’s
exposure history, including smoking prevalence, was poorly defined. Shaham et
al. (1996) presented minimal exposurc-assessment data, so the study was not
used quantitatively by EPA. The committee agrees with EPA’s decision.

The concentrations of DPX formed by formaldehyde in nasal airways have
been modeled and used by EPA as an internal dose surrogate to update its health
assessment of formaldehyde (EPA 1991; Hernandez et al. 1994). On the basis of
different model assumptions that are discussed in more detail later in this chap-
ter, EPA changed the values of the parameters in the DPX model (Subramaniam
et al. 2007), which was used to derive internal dose-related points of departure
for human extrapolation. On the basis of the evidence, the draft IRIS assessment
states that “DNA protein cross-links (DPXs) formed by formaldehyde (cova-
lently bound in this case) have been regarded as a surrogate dose metric for the
intracellular concentration of formaldehyde [Casanova et al. 1989, 1991; Her-
nandez et al. 1994]. This is particularly relevant because of the nonlinear dose
response for DPX formation due to saturation of enzymatic defenses at high
concentrations [Casanova et al. 1989, 1991]. Thus, the ability to measure DPX is
an important development” (EPA 2010, p. 3-12). The committee agrees with the
use of DPX as a biomarker of exposure in the draft IRIS assessment.

Can Inhaled Formaldehyde Have Systemic Genotoxic Effects?
Formaldehyde is a genotoxic (DNA-reactive) chemical. Formaldehyde-

mduced DNA damage is postulated to lead to mutations and clastogenesis, criti-
cal cytogenetic events in the carcinogenic mode of action. The evidence of for-
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maldehyde genotoxicity includes DPX cross-links, chromosomal aberrations,
micronuclei, and sister-chromatid exchanges. A large number of in vitro tests for
genotoxicity—including bacterial mutation, DNA strand breaks, chromosomal
aberrations, and sister-chromatid exchange assays—are positive when formalde-
hyde is used. The studies on genotoxicity of formaldehyde, particularly those
involving in vivo exposures of humans and animals, have provided strong evi-
dence that formaldehyde genotoxicity occurs in the nasal mucosa and peripheral
(circulating) blood lymphocytes. The database on genotoxicity assessment using
peripheral blood lymphocytes from exposed human cohorts is appreciable and
contains studies from different countrics and various exposure scenarios and
spans a period of more than 20 years. Some more recent studies (Costa et al.
2008) provide evidence of clastogenicity of formaldehyde coupled with individ-
ual exposure assessment. Although studies in humans showed some inconsistent
results regarding the extent and form of the cytogenetic changes associated with
formaldehyde exposure, the overall body of evidence suggests that inhaled for-
maldechyde has an effect that may be detected in blood cells in the systemic cir-
culation. The committce notes that it is unknown whether formaldehyde
genotoxicity arises from interactions that occur at the site of contact—for exam-
ple, in nasal-associated lymphoid tissue in the nasal mucosa (Figure 3-1)—or as
the result of local circulation of lymphocytes in blood that perfuses portal-of-
entry tissues.

Overall, the draft IRIS assessment concludes that formaldehyde may act
through a mutagenic mode of action and that this effect is not restricted to the
site of entry (EPA 2010). As noted earlier, multiple lines of evidence support the
conclusion that formaldehyde is mutagenic. The committee agrees with EPA
and further notes that EPA’s conclusion is consistent with the current Guidelines
Jor Carcinogen Risk Assessment (EPA 2005).

The committee acknowledges that the database on the cytogenetic effects
of formaldehyde in humans is supportive of EPA’s second conclusion, that the
mutagenic action of formaldehyde is not restricted to tissues at the point of con-
tact. However, available data are insufficient to support definitive conclusions
on several key issues. First, exposure assessment in the relevant human studies
was generally lacking, and the effects observed occurred in highly exposed
workers. In the absence of understanding of the shape of the dose-response
curve for cytogenetic changes at low doses, it is difficult to extrapolate the find-
ings to environmental exposures. Second, the mechanism of cytogenetic effects
in circulating blood cells is not established—an uncertainty that complicates the
committee’s ability to link exposure with effects at distant sites. That data gap is
especially problematic given the growing body of evidence that formaldehyde is
not available systemically in any reactive form. Thus, it can only be hypothe-
sized that systemic effects, such as cytogenetic effects in circulating blood lym-
phocytes, originate by as yet unproven mechanisms in portal-of-entry tissues.

The committee concludes that there is great uncertainty and associated
controversy regarding the following issues: the ability of formaldehyde to cause
DNA damage at distal (that is, other than portal-of-entry) sites, the relative con-
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tributions of DNA adducts vs cross-links to carcinogenesis, the ability of for-
maldehyde exposures at ambient concentrations to increase the burden of en-
dogenous formaldehyde-induced DNA damage that can contribute to carcino-
genesis at local or distant sites, and the consistency of the database on
formaldehyde-induced genotoxicity among species.

Are Useful Computational Pharmacokinetic Models for
Formaldehyde Inhalation Available?

EPA’s Guidelines for Carcinogen Risk Assessment state that “toxicoki-
netic modeling is the preferred approach for estimating dose metrics from expo-
sure. Toxicokinetic models generally describe the relationship between exposure
and measures of internal dose over time. More complex models can reflect
sources of intrinsic variation, such as polymorphisms in metabolism and clear-
ance rates. When a robust model is not available, or when the purpose of the
assessment does not warrant developing a model, simpler approaches may be
used” (EPA 2005, p. 3-1). Anatomically based three-dimensional (3D) computa-
tional-fluid-dynamics (CFD) models of rat, monkey, and human nasal passages
have been developed to predict interspecies nasal dosimetry of inhaled formal-
dehyde (Table 3-1). Mass-transfer coefficients calibrated against total nasal up-
take were used as boundary conditions in CFD models to determine site-specific
formaldehyde flux rates (Kimbell et al. 1993, 2001a,b). As is consistent with
experimental data, regional flux rates predicted by the models depend on airflow
characteristics, exposure concentration, and the absorption properties of the na-
sal lining.

CFD model estimates of nasal uptake can range from about 60% to more
than 90% of inhaled formaldehyde depending on exposure conditions and spe-
cies. Reduced nasal uptake does occur at high air concentrations, but this would
not be predicted with the current CFD model (Kimbell et al. 1993, 2001a,b),
because it did not include a saturable mechanism for tissue metabolism of for-
maldehyde in the mass-transfer boundary condition. In humans, about 90% ab-
sorption of inhaled formaldehyde is predicted to occur in the nose on the basis of
a single CFD model with pharmacokinetic parameters scaled from animals at
resting ventilation; this estimate decreases to about 60% with light exercise and
55% with heavy exercise (Kimbell et al. 2001b).

CFD models were combined with biologically based pharmacokinetic
(PK) models to describe site-specific and regional uptake of formaldehyde along
conducting airways of rats and monkeys at sites that correspond to areas that
have measured DPX, cell proliferation, pathology, or tumor formation (Casa-
nova et al. 1991; Kimbell et al. 1993; Hubal et al. 1997; Conolly et al. 2000;
Kimbell et al. 2001a,b). Some models incorporate the flux of formaldehyde into
cells of nasal passages as the model input (Hubal et al. 1997; Conolly et al.
2000). The most advanced models provide an estimate of cellular formaldehyde
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TABLE 3-1 Analysis of 3D CFD Models by Kimbell et al. (2001a,b) and Overton et al. (2001) for Rat, Monkey, and

Human Airways

Component Model Strengths

Model Weaknesses

CFD model design e Incorporated airway anatomy used to define
species and site-specific airflows in the nose
¢ Calibrated with experimental data based on molds
and water flows

Site-specific fluxes e Compared well with the distribution of lesions in
of formaldehyde toxicity studies and cell-proliferation data
¢ Only two mass-transfer coefficients {one for
mucus-coated and one for non-mucus-coated nasal
regions) were used; thus, site specificity to fluxes in
these two types of regions were driven only by local
airflows
e Mass-transfer coefficients were based on a single,
assumed value of mucus thickness (20 um); any
changes to these calculations would result in altered
flux determinations

e One geometry used per species; individual variability not accounted
for

e Relatively poor resolution in serial histologic data, which leads to
unrealistic, jagged-surface meshes that contribute to mass-balance errors
e  Only one side of nasal airways of the rat and monkey are used
(symmetry assumed)

& Model did not include external nares, flexible nasal walls, nmucus
movement, nasal hairs, or water vapor

e The mucus layer was assumed to be uniform over all surfaces except
the vestibule

e Uncertainties in the estimation of surfaces associated with mucus-
coated vs non-mucus-coated airways

e Only steady-state inhalation simulations conducted rather than
transient, full breathing cycle

e The element-by-element contribution to formaldehyde flux errors was
greatest in regions of more complex geometry and lower in regions with
minimal topographic changes

e A study by Bogdanffy et al. (1986) suggests that the distribution of
aldehyde dehydrogenase activity is not uniform in all regions of mucus-
coated epithelium; this could affect regional flux rates

e No data exist for comparing site-specific fluxes of formaldehyde with
model results {model resolution is substantially greater than experimental
resolution); model evaluations were based on secondary or downstream
biomarkers of dose, such as cell proliferation, and lesion-mapping flux
rates on the surface can be sensitive to metabolism, reactivity, blood flows,
and other mechanisms of tissue clearance

(Continued)

Iy
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TABLE 3-1 Continued
Component Model Strengths Model Weaknesses

e Clearance is influenced by estimates of tissue or mucus thickness at
higher concentrations

e The computational mesh used for human simulations did not allow
reasonable convergence of the flow equations solved at the highest flow
rates for heavy exercise

e Relationships between flux rates and cytotoxicity and DPX formation
are clearly nonlinear; thus, local variation or error in flux predictions can
have substantial effects on predictions of cytotoxicity and DPX in BBDR

models
Human respiratory ¢ CFD-derived fluxes of formaldehyde in nasal e Idealized model is based on the recursive, symmetrical bifurcating
tract atrways of humans under several activity patterns lung tree of Weibel and not on real airway geometry
(respiratory rates) are used to calibrate the nasal e Single mass-transfer coefficient for formaldehyde was assumed to be
compartments of a single-path, one-dimensional the same in all airways
anatomic model of the human respiratory system
that 1s then used to calculate fluxes in all airways
e Airways beyond the rigid trachea expand and
contract to greater degrees (increase in compliance) as
air (tidal volume) moves distally, allowing the model
to simulate the full breathing cycle
CFD-PK models e Incorporate actual histologic measurements of e Model tracks only total formaldehyde with the understanding that this
distances between the air interface and DNA (nuclei), represents mostly methanediol, and it uses the calculated diffusivity
the basal membrane, and bone from control rats to constant for methanediol rather than free formaldehyde in simulations of
develop the model for respiratory and transitional nasal mucosa
epithelium e Metabolism of formaldehyde by formaldehyde dehydrogenase (now

known as ADH3) and other aldehyde dehydrogenase enzymes was
described with a single empirical term because no data existed to
differentiate the rates in vivo
Abbreviations: CFD, computational fluid dynamics; PK, pharmacokinetic; DPX, DNA-protein crosslinks; BBDR, biologically based dose-response;
and ADH3, alcohol dehydrogenases.
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concentrations based on CFD model predictions of flux, estimated epithelial
surface areas, assumed tissue thicknesses in low-tumor and high-tumor regions,
and the rate of formaldehyde reaction with cellular constituents via a saturable
enzyme-mediated metabolism, a nonenzymatic first-order reaction with cellular
macromolecules, or a first-order reaction with DNA to form DPX. Once formed,
DPX were climinated actively or by normal degradation at a constant rate. The
models also predict a steep, decreasing concentration gradient between the mu-
cus layer and each successive layer of cells from the airway to the vasculature as
a result of formaldehyde reaction with extracellular and cellular glutathione,
proteins, other macromolecules, and metabolizing enzymes. The draft IRIS as-
sessment provides a comprehensive overview of the CFD PK models that are
available for formaldehyde.

The draft IRIS assessment raises the criticism that the nasal CFD models
are based on a single geometry for each species. Thus, the models do not ad-
dress variability that arises from differences in airway anatomy. A recent pa-
per by Garcia et al. (2009) evaluated the effect of individual differences in
airway geometry on airflow and uptake of reactive gases, such as formalde-
hyde. Although the sample was small (five adults and two children), the indi-
vidual differences in airway geometry alone caused the potential flux rates to
vary by a factor of only 1.6 over the entire nose and by a factor of 3-5 at vari-
ous distances along the septal axis of the nose. The committee agrees with
EPA that although the sample was small, the estimates of individual variability
are consistent with default uncertainty factors applied to internal dose metrics
that account for human variability. Another EPA criticism is that idealized
geometries (cylinders) rather than real geometries are used to represent the
human larynx, trachea, and lung with no evaluation of potential variability
associated with actual airway geometry.

EPA also raised a concern that high formaldehyde concentrations (3 ppm
or higher) can reduce minute volumes, alter mucus flow, or change absorption
by tissue remodeling and that the existing models capture these effects inconsis-
tently. The committee notes that mass-transfer coefficients in the CFD models
are used to capture the effects of exposure at irritating concentrations (15 ppm)
at which respiratory depression occurs (Kimbell et al. 2001a,b); this allows the
models to describe the experimental data adequately at high exposure concentra-
tions. However, the committee also notes that the mass-transfer coefficients used
in the human models were optimized on the basis of the rat models.

Despite the concerns raised, EPA used the CFD models to derive human-
equivalent concentrations (HECs) on the basis of formaldehyde flux rates. The
CFD-based flux rates over the entire nose of the rat (excluding the vestibule and
olfactory region) were used to calculate the HEC by multiplying the average
flux for the rat at a no-observed-adverse-effect level by a dose-duration adjust-
ment—(5/7)(6/24)—to0 represent continuous exposures. EPA also calculated
benchmark concentrations by using flux rate as the internal dose in dose-
response assessments. The models were used to evaluate whether the lower air-
ways in the human are potential targets for formaldehyde toxicity and carcino-
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genicity. To do that, EPA used the one-dimensional human-airway model of
Overton et al. (2001) to determine the risk of lower respiratory airway tumors,
assuming equal sensitivity of cells in this region to equivalent formaldehyde
fluxes determined for the nose. EPA restricted application of the models to the
experimental range used in animal studies to determine an internal dose-based
point of departure for humans but did not use them to extrapolate to low expo-
sures.

The committee disagrees with EPA’s findings that CFD models are not
useful for low-dose extrapolations. In fact, flux results from the CFD models can
casily be scaled from an exposure of 1 ppm—as given by Kimbell et al.
(2001a,b) and Overton et al. (2001)—to lower concentrations because of the
linear flux-concentration relationship that was used by the authors. Therefore,
the committee recommends that the CFD-based approach also be used to ex-
trapolate to low concentrations, that the results be included in the overall evalua-
tion, and that EPA explain clearly its use of CFD modeling approaches.

The committee concludes that sufficiently robust pharmacokinetic models
for formaldehyde exist and agrees with EPA that the CFD models can and
should be used in the IRIS assessment. Furthermore, it finds that the CFD mod-
els were fairly evaluated and that the sources of uncertainty in dose metrics used
i dose-response assessments were appropriately treated.

CARCINOGENESIS: HAS A MODE OF ACTION OF
FORMALDEHYDE BEEN IDENTIFIED?

Mode of action is defined by EPA as a sequence of key events and proc-
esses, starting with the interaction of an agent with a cell and continuing through
operational and anatomic changes that result in an adverse outcome (EPA 2005).
A key event is an empirically observable precursor step that is itsclf a necessary
element of the mode of action or is a biologically based marker of such an ele-
ment (Boobis et al. 2009). Knowledge of the mode of action can inform the risk-
assessment process. Indeed, mode of action in the assessment of potential car-
cinogens is a main focus of EPA’s cancer guidelines (EPA 2005). In the absence
of sufficient, scientifically justifiable information on mode of action, EPA gen-
erally takes public-health-protective, default positions regarding the interpreta-
tion of toxicologic and epidemiologic data.

The draft IRIS assessment provides an exhaustive summary of the studies
on genotoxicity of formaldehyde. The literature review appears to be up to date
and includes all major and recent studies. The relevant chapter is well organized
by type of DNA damage and then by evidence of clastogenicity from in vitro
and in vivo sources. More weight is placed on studies in human cells and in ex-
posed human cohorts, however small each study may be. Data are presented in
informative and well-organized tables that provide a high-level summary of the
extensive database on each subject. The summary statement and the entire chap-
ter are well balanced and include both positive and negative studies. The conclu-
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sion that formaldehyde is genotoxic and mutagenic in model systems and in
mammals, including humans, is supported by the data and is in accordance with
the weight of evidence required by EPA’s cancer guidelines (EPA 2005).

Cytotoxicity and compensatory cell proliferation also appear to play im-
portant roles in the carcinogenic mode of action of formaldehyde-induced nasal
tumors. Substantial nonlinearity in dose-response relationships was observed in
animal studies of DPX cross-links, cytotoxicity, and compensatory cell prolif-
eration (Swenberg ct al. 1983; Monticello et al. 1996). There is a strong site
concordance between formaldehyde uptake, cytotoxicity, cell proliferation, and
tumor formation. Furthermore, no tumors were observed at concentrations that
did not also cause cytotoxicity. The draft IRIS assessment discusses this alterna-
tive mode of action but relies on the mutagenic mode of action to justify low-
dose linear extrapolations in the assessment of formaldehyde-induced nasal tu-
mors.

In the case of hematopeictic cancers, particularly leukemia, much less is
known about potential modes of action other than mutagenicity, which has been
demonstrated in vitro and in a few studies of occupationally exposed humans.
Although EPA postulated that formaldehyde could reach the bone marrow either
as methanediol or as a byproduct of nonenzymatic reactions with glutathione,
numerous studies described above have demonstrated that systemic delivery of
formaldehyde is highly unlikely at concentrations below those which overwhelm
metabolism according to sensitive and selective analytic methods that can dif-
ferentiate endogenous from exogenous exposures. As a result, EPA could only
speculate that circulating hematopoietic stem cells that percolate through nasal
capillary beds or nasal-associated lymphoid tissues may be the target cells for
mutations and clastogenic effects that eventually result in lymphohematopoietic
cancers. Experimental evidence of either mechanism is lacking.

Although EPA followed its guidelines for assessing the risk of cancer as-
sociated with a mutagenic mode of action, it acknowledged that major uncertain-
ties and controversy remain regarding application of linear models for low-dose
extrapolations for a chemical that is formed endogenously and is too reactive to
be measured in the body apart from portal-of-entry tissues. As discussed in the
following section on BBDR modeling, the committee recommends that, for
transparency and completeness, EPA consider providing alternative calculations
that factor in nonlinearity associated with the cytotoxicity-compensatory cell-
proliferation mode of action and assess the strengths and weaknesses of each
approach.

The committee concludes that two primary modes of action have been ob-
served to contribute to formaldehyde-induced carcinogenicity in nasal tissues:
mutagenicity and cytotoxicity with compensatory cell proliferation. There is no
doubt that formaldehyde is a DNA-reactive chemical that produces DNA ad-
ducts (DPX cross-links and DDX cross-links) that, if not repaired, can lead to
mutations and clastogenesis.
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USE OF A BIOLOGICALLY BASED DOSE-RESPONSE MODEL

EPA’s Guidelines for Carcinogen Risk Assessment state that “in the ab-
sence of sufficient data or understanding to develop...a robust, biologically
based model, an appropriate policy choice is to have a single preferred curve-
fitting model for each type of data set” (EPA 2005, p. 1-10). The guidelines ac-
knowledge that many curve-fitting models have been developed and that the
ones that fit the observed data reasonably well may lead to wide differences in
estimated risk at the lower end of the observed range. The guidelines also recog-
nize that several competing models could be developed and further state that “if
critical analysis of agent-specific information is consistent with one or more
biologically based models as well as with the default option, the alternative
models and the default option are both carried through the assessment and char-
acterized for the risk manager. In this case, the default model not only fits the
data, but also serves as a benchmark for comparison with other analyses” (EPA
2005, p. 1-9). The committee notes that the use of default and alternative models
for formaldehyde risk assessment remains controversial.

What Is the Status of Biologically Based Dose
Response Models for Formaldehyde?

A series of papers described the development of a biologically based
model for formaldehyde in rats (Conolly et al. 2003) and humans (Conolly et al.
2004). A consistent focus of formaldehyde modeling has been the low-dose lin-
ear formation of DPX as a key component in the mode of action of cytotoxicity
and carcinogenesis (Conolly et al. 2000). The model improves on previous
CFD-derived estimates of nasal-airway flux and DPX formation in the anterior
portion of the rat nose (Hubal et al. 1997) by using a more complete version of
the rat-nose and nasal-airway models for the monkey and human as described by
Kimbell et al. (2001a,b) and Overton et al. (2001). The whole-nose DPX data
were supplemented with regional-DPX data on the F344 rat (Casanova et al.
1994) and rhesus monkey (Casanova et al. 1991) to correspond with areas of
high and low tumor incidence. The key linkage (internal dose metric) between
exposure and DPX is the concentration of formaldehyde in nasal tissue. The
local tissue concentration is determined from CFD-derived formaldehyde flux
rates, the thickness of the epithelium, and saturable metabolism and first-order
clearance from the tissue. DPX concentrations are calculated by assuming first-
order rates of binding to DNA and first-order rates of repair of DPX (thus, the
low-dose linear relationship with exposure and higher than linear increase in
DPX at concentrations above saturable metabolism by alcohol dehydrogenases).
The Conolly et al. (2003, 2004) models can be used to predict the location and
magnitude of cell proliferation in respiratory tissues in response to formaldehyde
exposure conditions (concentration and duration) and respiratory rates (resting
or working conditions).
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Conolly and colleagues (2003) used rat data on both formaldehyde-
induced DPX and cytotoxicity-compensatory cell proliferation as modes of ac-
tion to link regional dosimetry with rat tumor responses. Dose-dependent tumor
responses were predicted by using the Moolgavkar-Venzon-Knudsen (MVK)
two-stage clonal-growth model of cancer (Conolly et al. 2003), in which DPX
formation was assumed to increase the probability of mutations that lead to
squamous-cell carcinoma in rat nasal tissue. The clonal-growth model includes
mutation rates (mutagenic mode of action) of normal and intermediate cells and
rates of birth and death of normal and intermediate cells (cytotoxicity-
compensatory cell proliferation) that lead to the formation of malignant cells
and, after a delay, tumor responses. The clonal-growth model was calibrated
against data collected from a 2-year pathogenesis bioassay (Monticello et al.
1996) and extrapolated to humans to predict additional cancer risk associated
with continuous environmental exposure to formaldehyde (Conolly et al. 2004).

The assumptions used by Conolly et al. (2003, 2004) to develop their
models were extensively reviewed and evaluated by EPA for their potential ef-
fect on model predictions in the draft IRIS assessment (Table 3-2). For example,
the only structural difference between the human model and the rat model is that
the human model includes the one-dimensional full-respiratory-tract model of
Overton et al. (2001) to determine flux rates as the dose metric. Rather than a
focus only on predicting nasal tumors, the human model was used to predict the
risk of all human respiratory tract tumors. The human-DPX model was scaled up
from the rat and monkey models on the basis of allometric relationships of
physiology and metabolism to body weight. For the human two-stage clonal-
growth model, baseline mutation rates were calibrated against human lung-
cancer incidence data, and formaldehyde-specific parameters associated with
mutation rates and growth advantages of intermediate cells were assumed to be
the same as those developed for the rat model. Although Conolly et al. (2003)
clearly noted the need for additional research to address uncertainties and vari-
ability issues associated with this model (as is the case with any model), they
believed that they made conservative choices—use of the hockey-stick model
for cell proliferation rather than the best-fit J-shaped model and steady-state
inhalation formaldehyde flux rates and oronasal breathing under various work-
ing conditions as the internal dose driver rather than realistic cyclic breathing
rates.

A major strength of the human model is that its developers were consis-
tently clear about the model structures, the assumptions used to simplify an oth-
erwise complicated process, and how the model parameters were measured,
fixed on the basis of relevant data or known system constraints, or estimated
from in vivo data. The developers were also open about sources of variability
and uncertainty in their models and further demonstrated the utility of a unifying
model to help to identify aspects that have the most influence on predictions.
Thus, the model is “transparent” (if technically challenging) and available for
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TABLE 3-2 Overview of the Conolly et al. BBDR Models

4

Model Component

Model Assumptions

Potential Effect

Possible Model Refinements

Parameters associated
with saturable metabolism,
first-order clearance, and
first-order DNA binding

Nasal blood flow

Parameters were all optimized from
the regional DPX concentration
data in rats and monkeys rather
than independently determined and
then verified against the DPX data.
Estimates of the first-order loss of
DPX (repair) were arbitrarily set to
the lowest value that ensured
complete clearance of DPX in 18 hr
for the highest exposure (that is,
time from end of one 6-hr exposure
at 15 ppm to start of next 6-hr
exposure).

Blood flow in the nasal
submucosa was not considered
in the development of the BEDR
models because existing data
showed that no detectable
increase in blood formaldehyde
accurs after inhalation exposures.

The first-order rate constant for DNA
binding accounts for a small fraction
of formaldehyde tissue clearance;
thus, uncertainty is associated with
estimates of saturable metabolism
and the first-order clearance process
that dominate the disposition of
formaldehyde in respiratory tissues.

The presence of albumin and
hemoglobin adducts suggests that
formaldehyde can penetrate into the
blood perfusing the nasal submucosa
(although formaldehyde’s reactivity
has precluded its penetration and
detection in systemic blood). Thus,
local blood flow could have an effect
on the optimization of metabolism
and clearance rate constants; this is a
testable hypothesis.

Additional experimental data would be
needed to independently develop and
evaluate the key process associated with
formaldehyde disposition in nasal tissues.
As such data are developed, fewer
parameters would need to be optimized,
and overall uncertainty in modeling tissue
dose would be reduced.

Explicitly define regional nasal blood
flow in the model and determine its
sensitivity to current parameter estimates.

Species-specific blood-flow data are
sparse; a wide range of flows (0.1-1%
of cardiac output) have been used in
other models.
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Tissue thickness

Flux bins

Two statistical models
were evaluated that relate
time- and site-averaged
cell proliferation data to
formaldehyde exposure

Use of measured tissue-thickness
averages for the monkey gave
visually poor fits to the DPX
data during optimization of

the clearance parameters.

Nasal flux bins represent
percentage of nasal surface

areas that achieve a particular
formaldehyde flux that fall within
20 equally divided intervals of flux
ranging from 0 to the maximum
rate on the airway surface; thus,

no geometric location or site
specificity is implied.

J-shaped model provided the best
fit to the data.

Hockey-stick model was
considered more conservative
because it removed the low-dose
decrease in cell proliferation and

Directed Monte Carlo approach was
used to optimize tissue thicknesses to
values within one standard deviation
of the measured mean; this finding
indicated that the parameters
associated with the clearance and
binding of formaldehyde are sensitive
to the estimates of tissue thickness.

Flux bins are based on 20 equally
spaced distributions of formaldehyde
flux rates and not representative of
specific locations in the nose. Thus,
site-specific flux rates are not
matched to site-specific DPX
measurements to derive estimates

of metabolism, binding, and
clearance processes in the nose.

The 25 flux bins for the rest of the
respiratory tract used in this model
are associated with anatomic regions
rather than predicted flux ranges.

The J-shaped model implies that

at low formaldehyde exposure
concentrations, cell proliferation is
less than control levels. Although that
model provided a better description
of the data, its application in the
BBDR models would result in

Better estimates of actual tissue thickness
(and better dissection techniques for DPX
measurements) would mean that this
variable would not have to be optimized
and would improve confidence in the
other optimized parameters.

Better definitions of CFD-model
boundary conditions—including linkage
to PBPK models for localized tissue
concentrations in mucus, epitheliom,
and submucosa similar to that in models
already developed for other reactive
gases, such as acrolein and hydrogen
sulfide—would improve the optimization
of metabolism, binding, and clearance
parameters and reduce the uncertainty
by improving the correlation between
regional dosimetry and DPX binding
data.

None; both models (J-shaped and
hockey-stick) should be carried
through the simulations as was done by
Conolly et al. The simulations should
be compared with the EPA default
no-threshold low-dose extrapolation
assumption, and the results clearly

(Continued)
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TABLE 3-2 Continued

Model Component

Model Assumptions

Potential Effect

Possible Model Refinements

Formaldehyde flux rates
derived from the CFD
models used to provide
mput into the BBDR
models for rats and
humans

replaced it with a threshold that
was fixed at the lowest
concentration that produced a
measurable increase in cell
proliferation.

Same assumptions, strengths, and
weaknesses of the CFD models
apply to the Conolly et al. models
(see Table 3-1)

fewer tumors predicted at low
exposures than predicted in
controls. Thus, the hockey-stick
model, which implies a threshold
for tumors, was also carried
forward in the BBDR models.

Flux rates were based partly on two
mass-transfer coefficients (one for
mucus-coated and one for non-
mucus-coated epithelium) that were
estimated from data on nasal
extraction of inhaled formaldehyde
in rats. The mass-transfer
coefficients were assumed to be
constant across ventilation rate,
formaldehyde concentration, region
of the nose, and species. Because
regional and species differences in
metabolism would be expected,
site-specific flux determinations
used as inputs into the BBDR
models would also be expected to
be aftected by the assumed mass-
transfer coefficients.

compared and evaluated as to the
relative strengths, weaknesses, and
effects of each approach.

See Table 3-1 and previous
refinements in which direct coupling of
PK models as boundary conditions on
the CFD model would decrease the
uncertainties associated with site-
specific estimates of metabolism,
binding, and clearance parameters that
affect the mputs into the BBDR
models.

Abbreviations: DPX, DNA-protein crosslinks; BBDR, biologically based dose-response; CFD, computational fluid dynamics; PK, pharma-

cokinetic; PBPK, physiologically based pharmacokinetic; and EPA, Environmental Protection Agency.
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evaluation and testing of alternative approaches (as was done by EPA). The
committee examined key assumptions associated with the Conolly et al. models
and estimated the likely effect of changes in the assumptions on model output
(Table 3-3).

EPA agreed that the Conolly et al. (2003) model provided a better fit to
the time-to-tumor data in the animal bioassays than other models that EPA could
use in a cancer risk assessment. EPA also expressed confidence in the dosimetry
modeling for flux rates and DPX formation in the rat and monkey, although it
expressed concern that one model is used as representative of a population and
another is an idealized model for the human lung.

EPA largely disagreed with many of the other conclusions presented in
Conolly ct al. (2003). It did not agree with the interpretation that DPX forma-
tion (and therefore mutagenicity) at low doses was negligible and did not con-
tribute to an increase in nasal cancer risk. The committee notes that although
Conolly and co-workers (2003, 2004) assumed that cytotoxicity-compensatory
cell proliferation was the dominant mode of action in predicted tumor re-
sponses, they were careful to use an upper bound on values of rat parameters
to force the model to calculate additional risk due to other mechanisms, such
as mutagenicity.

EPA conducted a reanalysis of the Conolly et al. models, which was re-
ported in a series of papers published in 2005-2010 (Crump et al. 2005, 2008,
2010; Subramaniam et al. 2007, 2008), and explored the uncertainties and sensi-
tivities of the dynamic response components of the Conolly et al. formaldehyde
models to changes in several key model parameters and assumptions. EPA’s
reanalysis was consistent with its cancer guidelines that specify that the uncer-
tainties and variability in model parameters must be understood and articulated
so that predictions of adverse responses and extrapolations to human exposures
can be appropriately characterized from the standpoint of human health protec-
tion (EPA 2005). Thus, EPA’s reanalysis focused on several key components in
the Conolly et al. models that can have substantial effects on predicted human
tumor formation and low-dose extrapolations when the models are used below
the range of experimental observations.

EPA’s analysis (EPA 2010) evaluated the following:

e Choice of background nasal-tumor incidence data in rats and total res-
piratory-tumor incidences in humans, which were used to define basal mutation
rates for normal and intermediate cells.

¢ Choices of model structure and associated parameters used to describe
DPX-formation data and cell-proliferation data collected in rats and monkeys as
a function of time and exposure (that is, linear vs J-shaped vs hockey-stick-
shaped dose-response curves).
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TABLE 3-3 Effects of Different Parameters on Predicted Results of the Conolly et al. BBDR Models

Parameter Assumptions

Likely Effect on Model

Regenerative cell-proliferation data were
directly related to cytotoxicity

Site-to-site variation in cell proliferation in the
rat nose does not vary in concordance with
site-specific flux rates as determined by the
CFD model

Cell proliferation followed a J-shaped
dose-response relationship

Human cells were equally sensitive to the
same internal dose surrogate as rats and were
the basis of model parameters

Number of cells at risk was proportional to
body weight

DPX was a promutagenic lesion that was
proportional to DPX burden

Moderate; the model results were sensitive to the model parameters used, but the assumption that
regenerative cell proliferation is directly related to formaldehyde-induced cytotoxicity is reasonable.

Moderate; only two mass-transfer coefficients were used to drive the uptake in all areas of the nose. That
ignores the potential for site-specific local differences in tissue thickness and clearance processes that affect
uptake.

Minimal; although the cell-proliferation data suggest a J-shaped dose-response relationship, both a J-shaped
and a hockey-stick model were used in the BBDR models.

Minimal; because the relationships between cell proliferation and simulated formaldehyde flux rates were
similar in rats and monkeys, it is reasonable to assume that they would be similar in humans.

Subramaniam et al. (2008) suggest that in the exposures at which tumors were seen, the mutagenic mode of
action contributed up to 74% of the added tumor probability, whereas Conolly et al. (2003, 2004) showed
little contribution by this mode of action in the human when they used an upper bound on the DPX
proportionality constant rather than the maximum likelihood estimate of zero from the rat data.

Unknown; it is not known how sensitive the BBDR models are to changes in the number of cells at risk by
body weight.

High; the current parameter estimates that Conolly et al. (2003) optimized from the data, using a maximum
likelihood function, suggest that the proportionality constant for DPX adding to the mutation rate of a normal
(or intermediate) cell should be zero or close to zero. That suggests that DPX is not directly related to the key
events leading to mutation and carcinogenicity per se. Because this is the only low-dose linear relationship
between exposure and a biomarker of response, EPA contends that the low-dose extrapolations should be
linear through zero dose. For example, Subramaniam et al. (2007) examined alternative choices to parameters
associated with DPX clearance and suggested that in the exposures at which tumors were seen, the mutagenic
mode of action could contribute up to 74% of the added tumor probability. Because too few parameters were
experimentally fixed and too many optimized against one data set, confidence in deciding whether the
Conolly et al. or the Subramaniam et al. approach is the most scientifically defensible is not high.
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Basal mutation rates for normal and
intermediate cells are unknown and had to
be optimized from sparse information using
several assumptions

In a follow-on analysis, Crump et al. (2008) made an arbitrary change in the DPX-based effect on initiated
cell replication by theorizing that if an initiated cell is created by a specific mutation that impairs cell-cycle
control, there may be a mitigation of cell replication that is observed in the low-dose cell proliferation of
normal cells (that is, in the negative vs baseline replication portion of the J-shaped dose-response curve) and
hence a shift of the cell division of an initiated cell in the model toward greater rates at low doses. They
argued that this theoretical possibility provides biclogic motivation to test the effect on the MVK model
because of the absence of data for doing otherwise. The change disconnects the birth and death rates of
initiated cells from constraints used by Conolly et al. based on normal cells. The committee concludes that
this change is contrary to the explanation provided by Monticello et al. (1996), who suggested that it is not a
mutation in cell-cycle check points that results in lower cell-division rates than control at low exposures but
rather an increase in the time that it takes for DNA-repair processes to eliminate the DPX before the cell can
resume the process of cell division that leads to a cell-division rate at low exposures that is below that seen
under basal conditions. These are two fundamentally different mechanisms with different connotations for
risk—the mutagenic one chosen by EPA and the DNA-repair mode of action supported by several other
publications on DPX cited by Conolly et al. (2003, 2004) and Monticello et al. (1996). Because they argue
that there are no data to refute these assumed and arbitrary adjustments of the Conolly et al. models, they
state that the onus is on others to show that such small changes cannot occur (that is, prove a negative before
the authors would accept the contention that the Conolly et al. models are at all conservative as Conolly et al.
suggested). That standard cannot be met.

High; the MVK model is very sensitive to the choice of controls and their effect on basal mutation rates.

There were zero squamous cell carcinomas in control rats in the two biocassays used to define the basal
mutation rates of normal and intermediate cells in the two-stage, MVK dose-response model. Conolly et al.
(2004) used results from the full National Toxicology Program historical control database. That is a point of
contention by EPA, which believes that only historical controls from inhalation bioassays (and those in the
same laboratory as the formaldehyde study) can be used in a relevant comparison. Squamous cell carcinomas
are so rare that some leeway in approximating basal rates may have to be accepted, even though EPA’s point
is technically correct.

When mutation rates, cell-division rates, and mutation intensity vary as a function of age (that is, not treated
as constants over all ages), the Hoogenveen solution can lead to more errors than alternative models that
respect the nonhomogeneity of the model parameters (Crump et al. 2005). Although EPA may be technically

(Continued)
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TABLE 3-3 Continued

Parameter Assumptions Likely Effect on Model
correct, it was unclear to the committee whether there 1s a significant effect on the Conolly et al. (2004)
prediction unless their parameter values are substantially changed, which would open the Crump et al. and
Subramaniam et al. models up to an equally fair criticism of their assumptions and choices in model
parameters.

Estimating parameters for basal mutation rates for a normal to intermediate and intermediate to malignant
transformation in humans is subject to even more uncertainty than in the rat.

Crump et al. (2008) made seemingly arbitrary changes in the birth and death rates of initiated cells, claiming
that there are no data to suggest that they cannot do that and that their changes were small relative to changes
in this relationship at high formaldehyde flux rates. Although no changes in the predicted data range were
observed, the effect of the low-dose and high-dose extrapolations was huge.

Intermediate-cell parameter values were related Moderate. The proportionality constant for relating DPX to the human cell-mutation rate (KMU) was

to normal-cell parameter values and constrained  adjusted from the upper bounds on the rat value rather than the maximum likelihood estimate of the rat value,

by relevant cell-proliferation and tumor data which was zero, by a ratio of the basal mutation rate of human to rat; this assumes that the mutation
mechanism is the same in control vs formaldehyde exposure and that DPX can be viewed as a promutagenic
event. Those assumptions suggest that human cells are more difficult to mutate than rat cells on the basis of
their evaluation of the literature, and they force the model to include clonal growth at exposures below those
known to cause cell proliferation in the rat. The authors view the assumptions as conservative.

Changes in epithelial cell thickness due to Moderate. The first-order clearance of DPX could be slower than that used by Conolly et al. (2003, 2004).
formaldehyde exposure had no effect on Over time, epithelial tissue in targeted regions of the nose thickens. The thickening could conceivably dilute
DPX measurements used to calibrate the DPX concentrations in the measured tissues to such an extent that residual concentrations 18 hr after

BBDR models exposure are not different from those in naive animals, and this would affect the determination of DPX

clearance rates.
Abbreviations: DPX, DNA-protein crosslinks; BBDR, biologically based dose-response; CFD, computational fluid dynamics; EPA, Environ-
mental Protection Agency; and MVK, Moolgavkar-Venzon-Knudson.
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¢ Assumptions used in defining parameters associated with mutation,
birth, and death rates of intermediate cells, cells that cannot be directly measured
or even identified histologically (that is, intermediate cells in the MVK 2-stage
model structure are a surrogate for potentially multiple stages of transformed but
not yet malignant cells).

Other sources of variability and uncertainty were also explored, but the
three noted were the main focus of EPA’s reanalysis. The committee agrees that
the sensitivity analysis added value to the interpretation of the Conolly et al.
models, although it raised questions about the degree to which manipulations of
the range of model parameter values can and should be performed to reflect po-
tentially divergent outcomes. EPA’s reanalysis also identified a flaw in one of
the numeric approaches used in the original models and corrected it to improve
the reliability of the simulation—another value added.

Alternative model structures fitted to the data used by Conolly et al. can
yield different low-dose extrapolation results (Crump et al. 2005, 2008; Subra-
maniam ¢t al. 2007, 2008). For example, Subramaniam et al. (2007) assessed the
sensitivity of model-predicted tumor response to two major Conolly et al. as-
sumptions. First, Conolly et al. pooled all National Toxicology Program histori-
cal controls to establish basal mutation rates. Second, data obtained by lumping
animals found to have tumors at scheduled sacrifice with animals that died as a
result of tumors were used to estimate formaldehyde-specific mutation rates.
Subramaniam et al. also examined the choice for the first-order clearance of
DPX used by Conolly et al. to match in vivo data with a slower clearance deter-
mined in vitro and how this could still be consistent with the in vivo data. The
purpose of the Subramaniam et al. work was to explore whether the mutagenic
mode of action, as exemplified by DPX as a precursor, has an insignificant role
in predicted tumor responses. Their analysis indicated that in the range of expo-
sures in which tumors occur, the mutagenic mode of action could have contrib-
uted up to 74% of the added tumor probability, whereas Conolly et al. (2003,
2004) showed very little contribution by this mode of action in the human when
they used an upper bound on the DPX proportionality constant rather than the
maximum-likelihood estimate of zero from the rat data. The committee agrees
with EPA that existing data are insufficient to establish the potential biologic
variability in model parameters associated with the mutagenic mode of action
adequately. However, because the mutagenic mode of action is the major reason
for adopting the default low-dose linear extrapolation methods over application
of the BBDR models in the draft assessment, the committee recommends that
the manipulations that lead to such high contributions of mutagenicity to the
mode of action for nasal tumors be reconciled with the observations that formal-
dehyde is endogenous, that nasal tumors are very rare in both rats and humans,
and that no increases in tumor frequency have been observed in animal studies
at formaldehyde exposure concentrations that do not also cause cytotoxicity.

In a follow-on paper, Crump et al. (2008) evaluated the sensitivity of
model output to varying such parameters as mutation, birth, and death rates of
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mitiated cells and concluded that small changes in these parameters can result in
similar fits to experimental data but yield markedly different low-dose extrapo-
lations. The authors argued that—inasmuch as there are no data that define mu-
tation, birth, and death rates of initiated cells, let alone data that identify what an
mnitiated cell is—the onus is on others to demonstrate that the small changes that
they made in the Conolly et al. (2004) model cannot occur. However, that can
never be established with certainty. Although the committee finds that testing of
alternative models and the variability in model parameters is consistent with
EPA’s cancer guidelines, some of the more extreme model scenarios should not
have been used as a basis for rejecting the BBDR approach. In particular, ad-
justments of parameter values associated with mutation, birth, and death rates of
mitiated cells used in EPA’s analysis of alternative models that yielded the most
extreme deviations from the Conolly et al. (2004) low-dose extrapolations also
produced unrealistically high added risks for humans at concentrations that have
been observed in the environment of occupationally exposed workers (100%
ncidence at concentrations as low as about 0.1-1 ppm). Thus, the committee
recommends that manipulations of model parameters that yield results that are
biologically implausible or inconsistent with the available data be discarded and
not used as a basis for rejecting the overall model.

The committee concludes that the existing BBDR models were developed
from an impressive exposure- and time-dependent database on the modes of
actions of formaldehyde in rats and monkeys; exquisitely detailed dosimetry
models in rats, monkeys, and humans; and sparse data on humans that required
scale-up of key model parameter values from animal studies and other biologic
data and epidemiologic observations to constrain the human model predictions.
The scope of the research makes this one of the best-developed BBDR models
to date for any chemical, even with its acknowledged uncertainties. The commit-
tee also acknowledges that the draft IRIS assessment provides a thorough review
of the BBDR models, the major assumptions underpinning the extrapolation to
humans, and EPA’s own series of papers that evaluated the sensitivity of the
BBDR models to these assumptions even though the committee may not agree
with the validity of all the resulting manipulations.

Should the Biologically Based Dose-Response Models Be Used in the
Envirenmental Protection Agency Quantitative Assessment?

As aresult of the agency's reanalysis of the models, EPA chose not to use
the full rat and human BBDR models to estimate unit risks. Instead, in a bench-
mark-dose approach, EPA used the CFD-derived determinations of formalde-
hyde flux to the entire surface of mucus-coated epithelium to derive a point of
departure based on nasal cancers in rats. It then extrapolated to zero dose by
using a default linearized multistage approach.

The committee is concerned about that approach for low-dose extrapola-
tion. The committee found that the evaluations of the original models and EPA’s
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reanalysis conflicted with respect to the intent or purpose of using the formalde-
hyde BBDR models in human health assessments. The conflict is evident in the
discussions in the draft IRIS assessment. For example, the reanalysis by Subra-
maniam et al. is used to support the mutagenic mode of action of formaldehyde
and to reduce support for using the BBDR models on the basis of the uncertain-
ties in parameter estimation and assumptions in the models. In contrast, Conolly
et al. (2003) focused their model parameter estimates to represent “best-fit,”
using maximum likelihood estimates, whereas Subramaniam et al. and Crump et
al. pushed parameter assumptions in a single direction to show that different
assumptions that fit the experimental data can yield different results of low-dose
extrapolation. The committee is concerned about the possibility that those ad-
justments of the Conolly et al. models may not be scientifically defensible. The
committee was also struck by the relative lack of transparency in the draft IRIS
assessment’s description of the decision to use the peer-reviewed BBDR models
minimally.

The Conolly et al. (2003, 2004) rat and human dose-response models, as
the authors themselves state, are biologically motivated and mechanistic. The
main purpose of a mechanistic model is to predict as accurately as possible a
response to a given exposure and to provide a rational framework for extrapola-
tions outside the range of experimental data and between species. The biologic
basis of the mechanistic models implies that parameters associated with anat-
omy, physiology, physical and chemical properties, biochemical interactions,
and dynamic responses are constrained within biologic and physical limits; they
are unlike purely empirical, statistical, or mathematical models that are fit to a
given dataset.

A key feature of a biologically motivated mechanistic model is that all
relevant data must be reconciled with the model and that, if they cannot be, a
reasonable explanation for disagreements must be articulated. Model predictions
must also be reconciled with plausible outcomes, which serve as final con-
straints on model structure and parameter estimates. Finally, and perhaps most
important, the integrated model structure forces one to identify and articulate the
greatest uncertainties and variability that would affect model outcome (that is,
model sensitivity) and the focus of future research. That last feature is perhaps
the greatest value of the model. Although several assumptions and parameter
estimates were adjusted in the Conolly et al. (2003, 2004) models in a stated
attempt to make the models more conservative (that is, to imply greater risk for
a given exposure or to open the door to alternative modes of action), the main
use of the models was to provide best estimates of risk that could then be ad-
justed to incorporate uncertainties and variability in a health-protective manner.
In the view of the models’ developers, the adjustments of some of the model
parameter values were sufficiently conservative and plausible. EPA disagreed
with the contention that the Conolly et al. models were conservative and sought
to evaluate and identify parameters that the models were most sensitive to and
sources of uncertainty in the data and the models.
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The committee acknowledges and agrees with EPA that the Conolly et al.
(2003, 2004) models, like most models, contain weaknesses and tenuously sup-
ported assumptions. Conolly and co-workers felt that they made several conser-
vative assumptions in their models— use of hockey-stick rather than J-shaped
models for cell proliferation, use of overall respiratory tract cancer incidence in
humans to calculate basal mutation rates, and use of an upper bound on the pro-
portionality parameter relating DPX to mutation. EPA pushed that concept fur-
ther by making even more conservative assumptions within the models that cu-
mulatively resulted in radical departures from the results of the Conolly et al.
models with regard to low-dose extrapolation of tumor incidence. The commit-
tee notes that EPA forced changes in the model parameter values in a direction
that yielded more conservative results rather than one that yielded a best fit to
the data.

The committee is also concerned that EPA directed substantial effort to-
ward refuting many of the assumptions and conclusions of the Conolly et al.
(2003, 2004) models rather than trying to fill the data gaps that were clearly ar-
ticulated by the models. One of the major strengths of the Conolly et al. models
is that the developers had to reconcile all the data or specify why they could not
be reconciled. The integrated model structure allows one to identify uncertain-
ties clearly and how they may affect model behavior. Conolly and co-workers
were clear on that point and expressed the need for new data that could anchor
many of the parameter values that had to be optimized from rather sparse data
sets. Regardless, the committee recommends that for completeness and transpar-
ency the BBDR models published by Conolly et al. (2003, 2004), with the flaw
in one numeric approach identified by EPA corrected, be used in the draft IRIS
assessment and that the results be compared with those of the approach that was
used in the draft assessment.

CONCLUSIONS AND RECOMMENDATIONS

The draft IRIS assessment of formaldehyde provides an exhaustive discus-
sion of formaldehyde toxicokingtics, carcinogenic meodes of action, and various
models. Although the committee agrees with much of the narrative, several is-
sues need to be addressed in the revision of the draft assessment. First, there is
broad agreement that formaldehyde is normally present in all tissues, cells, and
bodily fluids and that natural occurrence complicates any formaldehyde risk
assessment. Thus, an improved understanding of when exogenous formaldehyde
exposure appreciably alters normal endogenous formaldehyde concentrations is
needed. One approach that EPA could use would be to complete an analysis of
variability and uncertainty in measuring and predicting target-tissue formalde-
hyde concentrations among species. Only with such an analysis can one begin to
identify and address openly and transparently the question of how much added
risk for an endogenous compound is acceptable.
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Second, inhaled formaldehyde, a highly reactive chemical, is absorbed
primarily in the upper airways and remains predominantly in the respiratory
epithelium. The weight of evidence indicates that formaldehyde probably does
not appear in the blood as an intact molecule except at doses high enough to
overwhelm the metabolic capability of the exposed tissue. The draft IRIS as-
sessment presents divergent opinions regarding the systemic delivery of formal-
dehyde that need to be resolved.

Third, the committee agrees with EPA that formaldehyde is a genotoxic
chemical and that it is therefore reasonable to conclude that formaldehyde may act
through a mutagenic mode of action. However, cytotoxicity and compensatory cell
proliferation also appear to play important roles in formaldehyde-induced nasal
tumors. Although the draft IRIS assessment discusses that mode of action, it relies
on the mutagenic mode of action to justify low-dose extrapolations. The commit-
tee recommends that EPA provide alternative calculations that factor in nonlineari-
tics associated with the cytotoxicity-compensatory cell proliferation mode of ac-
tion and assess the strengths and weaknesses of each approach.

Fourth, over the last decade, several models have been developed to help
to evaluate the risks associated with formaldehyde exposure, and EPA exten-
sively evaluated several of them. EPA did use the CFD models to derive human
equivalent concentrations but restricted their application to the experimental
range used in the animal studics and did not extrapolate to low exposures. The
committee, however, recommends that the CFD models be used to extrapolate to
low concentrations, that the resulis be included in the overall evaluation, and
that EPA explain clearly its use of the CFD modeling approaches. Furthermore,
EPA, on the basis of extreme alternative model scenarios, chose not to use the
BBDR models developed by Conolly et al. (2003, 2004); however, the commit-
tee questions the validity of some of these scenarios and recommends that the
BBDR models developed by Conolly and co-workers be used (with the flaw in
one numeric approach identified by EPA corrected), that the results be compared
with those of the approach currently presented in the draft IRIS assessment, and
that the strengths and weaknesses of each approach be discussed.

Fifth, in rewriting the sections of the draft IRIS assessment that pertain to
the topics reviewed in this chapter, EPA should consider the implications of the
most recent work. References to older studies on DNA-adduct measurements
may need to be reanalyzed in light of the most recent analytic techniques that
achieved superior sensitivity (for example, Lu et al. 2010). In particular, the
committee finds the recent study of Lu et al. (2010) to be highly informative and
the first one to distinguish clearly between exogenous and endogenous formal-
dehyde-induced DNA adducts. Although the study does not challenge the notion
that DNA adducts play only a minor, if any, role in formaldehyde genotoxicity
and carcinogenicity, compared with DNA-protein cross-links, it adds to the evi-
dence of the inability of formaldehyde to reach distant sites. Likewise, the posi-
tive study by Wang et al. (2009) is not adequately described in the draft IRIS
assessment, nor is it clear to the committee why so much empbhasis is placed on
the study by Craft et al. (1987).
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Portal-of-Entry Health Effects

The Environmental Protection Agency (EPA) evaluated an array of health
effects associated with formaldehyde exposure. The health effects can be char-
acterized as portal-of-entry effects or systemic effects. The committee defined
portal-of-entry effects as those that arise from direct interaction of inhaled for-
maldehyde with the airways or from the direct contact of airborne formaldehyde
with the eyes or other tissue. It defined systemic effects as effects that occur out-
side those systems.

EPA’s evaluation of portal-of-entry health effects—which are irritation,
decreased pulmonary function, respiratory tract pathology, asthma, and respira-
tory tract cancers—is reviewed in this chapter. The committee determined
whether EPA identified the appropriate studies, whether the studies were thor-
oughly evaluated, whether hazard identification was conducted appropriately
according to EPA guidelines, and whether the best studies were advanced for
calculation of the reference concentration (RfC) or unit risk.

For two portal-of-entry effects (irritation and decreased lung function),
evidence was available from chamber studies that used brief, controlled expo-
sures to assess acute responses and from epidemiologic studies that evaluated
chronic exposures primarily in a residential setting and prevalence of symptoms
or diseases or the degree of lung-function impairment. Both types of studies
have strengths and weaknesses for serving as the basis of candidate RfCs. The
chamber studies involve exposures to known concentrations of formaldehyde
without the presence of other air contaminants, and outcome measures can be
rigorously measured. However, the study populations are selected groups of
volunteers, more sensitive people may avoid participation, and the numbers of
participants in the studies are generally small, leading to inadequate statistical
power to detect biologically significant changes in many of the studies. Fur-
thermore, there is uncertainty about extrapolating from an acute exposure to a
chronic exposure, which would be required for derivation of an RfC; and for
irritant responses, observations made for a single, brief exposure may not reflect

64

ED_014350_00020559-00078



Portal-of-Entry Health Effects 65

the consequences of sustained exposure. There is some indication from acute
and short-terms studies that irritant responses to formaldehyde are lessened by
acclimatization.

The epidemiologic studies considered in the draft IRIS assessment are
primarily cross-sectional studies and subject to the general weaknesses that af-
fect studies of this design, including the simultaneous measurement of exposure
and outcome. Many of the studies involved exposure in residences, and the ex-
posure-assessment protocols covered only a brief time window, leaving the pos-
sibility that exposures were misclassified. Furthermore, few of the studies took
into account potentially confounding exposures, such as secondhand smoke or
other air pollutants. The epidemiologic studies do have the advantage of assess-
ing the risks of formaldehyde exposures as they are experienced on a chronic
basis. The study populations cover the range of susceptibility and, to the extent
that the effects of formaldehyde exposure are modified by interactions with
other agents, the exposure to formaldchyde is experienced along with exposure
to the many other contaminants in indoor air.

Given the quite different strengths and weaknesses of the two lines of re-
scarch, the findings from chamber studies and epidemiologic studies should be
considered as complementary. The draft IRIS assessment sets aside the chamber
studies as less relevant to derivation of candidate RfCs, but the findings from the
studies could be useful, and the committce does not concur with EPA's decision
to set them aside. Specific recommendations are provided below for the individ-
ual health outcomes.

IRRITATION

Formaldehyde is a reactive gas that has been consistently shown to be an
eye, nose, and throat irritant. Sensory irritants act at the sensory fibers of the
trigeminal nerve in the nose and upper respiratory tract. Sensory-irritation end
points include self-reported sensations of pain, burning, or itching and objective
measures of eye-blink counts and lacrimation (Doty et al. 2004). Although
EPA’s review focuses on eye, nose, and throat irritation, other types of irritation,
such as dermal irritation, have been reported. EPA selected sensory irritation as
a candidat